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ABSTRACT 


A pyrometasomatic magnetite-hematite deposit in sedimentary rocks of 
Permian age near the margin of the Lone Mountain stock in Lincoln 
County, N. Mex., contains between 0.015 percent and 0.031 percent 
uranium. The deposit is composed mainly of magnetite with lesser 
amounts of hematite, hydrated iron oxides, pyrite, leuchtenbergite(?), 
gypsum, chalcopyrite, metatorbernite, torbernite(?), covellite, sphalerite 
(?), quartz, marcasite, and an unidentified uranium-bearing mineral; it 
is surrounded by an aureole of recrystallized limestone, gypsum, epidote, 
and actinolite with lesser amounts of specularite, phlogopite, fluorite, 
pyrite, and chalcopyrite. Autoradiographs and polished section studies 
suggest that most of the uranium is dispersed in the iron oxide minerals. 
The association of iron and uranium may be related to the melting points 
of the elements. The deposit probably formed at a rather low temperature 
by self-oxidation of a ferrous hydroxide hydrosol contained in a mildly 
alkaline solution. 


INTRODUCTION 


Tus paper presents briefly some data concerning an association of uranium 
with magnetite and hematite in a pyrometasomatic deposit in Lincoln County, 
N. Mex., and presents some aspects of the genesis and the distribution of 
uranium in the deposit. The data were obtained through a brief examination 
of the deposit in February 1954 and through subsequent laboratory studies 


1 Publication authorized by the Director, U. S. Geological Survey. 
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of a few representative samples collected during the examination. This re- 
port concerns work done by the U. S. Geological Survey on behalf of the 
Division of Raw Materials of the U. S. Atomic Energy Commission. 

The deposit, known at various times as the Carolyn O claim, House mine, 
Las Cinco Reinas, and more recently as the Prince mine, is in sec. 14, T. 6 S., 
R. 11 E., White Oaks district, and is about 11.5 miles N 30° E of Carrizozo, 
N. Mex. (Fig. 1). It is on the north side of Lone Mountain at an altitude 
estimated at about 6,700 feet. The magnetite-hematite body occurs in a 
sequence of sedimentary rocks probably of Permian age and is assumed to be 
genetically related to the Lone Mountain monzonite stock. Uranium is 
present in the deposit in two distinct forms: 1) metatorbernite, and possibly 
some torbernite, as fracture coatings and pore space fillings, and 2) a finely 
divided, unidentified uranium-bearing mineral dispersed through magnetite 
and locally in primary crystalline hematite. 

Minor quantities of ore containing approximately 60 percent iron (13) 
have been extracted from open pits; a 200-foot adit, driven on a south bear- 
ing, tested part of the ore horizon at depth. Under economic conditions 
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FIG.'-INDEX MAP SHOWING LOCATION OF 
PRINCE MINE, LINCOLN COUNTY, N. MEX. 


Fic. 1. Index map showing location of Prince mine, Lincoln County, N. Mex. 
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existing in 1955 neither iron nor uranium are present on the property in com- 
mercially significant quantities. 


GEOLOGIC SETTING 


The Prince deposit is in a series of bedded sedimentary rocks composed 
of alternating gypsum, shaly limestone, quartzitic sandstone, and shale that, 
according to Kelley (5, p. 157), are part of the Yeso formation of Permian 
age. The deposit is near the periphery of the Lone Mountain monzonite 
stock of Laramide age. 

The sedimentary rocks, which commonly are buff, are bleached to light 
buff or white near the ore body and are characterized by beds ranging from 
an inch to about 2 feet thick. Adjacent to the deposit the beds are steeply 
dipping and locally highly contorted; the deposit apparently is conformable 
with the bedding. 

The Lone Mountain monzonite stock crops out less than 100 feet south 
of the Prince deposit. The stock and several other nearby hypabyssal in- 
trusives in Lincoln County were emplaced during the Laramide Revolution of 
Late Cretaceous or early Tertiary time. Adjacent to the contact with the 
Yeso formation, the monzonite is a pinkish-gray, medium- to fine-grained 
rock that locally is porphyritic. A thin section of the monzonite is composed 
of orthoclase (about 60 percent), sodic andesine (about 30 percent), horn- 
blende, sphene, magnetite, and minor amounts of quartz, apatite, biotite, 
nontronite( ?), and clinozoisite(?). Some of the plagioclase shows a normal, 
continuous zonation with rims of sodic oiigoclase ; many of the plagioclase and 
orthoclase crystals have thick overgrowths of cloudy orthoclase. Most of the 
hornblende crystals are ragged, highly corroded, and poikilitic, and they 
contain grains of sphene and magnetite. Sparse biotite is similarly corroded. 
Texturally, in thin section, the rock is dominantly hypidiomorphic-granular 
although protoclastic and cataclastic textures are discernable. According to 
some rock classifications this intrusive rock would be named a syenite rather 
than a monzonite as the alkalic feldspar predominates over the calc-alkalic 
feldspar at a ratio of approximately 2 to 1, and quartz is present only in very 
minor amounts. 

An aureole, locally as much as 6 feet thick, of bleached and altered mate- 
rial adjacent to the deposit is composed of recrystallized limestone, gypsum, 
and an assemblage of lime-silicate minerals of which the most abundant are 
epidote and actinolite. Also present in the aureole are minor amounts of 
specular hematite, phlogopite, fluorite, pyrite, and chalcopyrite. The fluorite 
and the sulfide minerals occur principally as ill-defined veinlets and as dis- 
seminations in the rocks of the aureole. 


URANIFEROUS MAGNETITE-HEMATITE DEPOSIT 


The uraniferous magnetite-hematite deposit at the Prince mine is tabular 
and parallel to the bedding and is exposed in a series of pits for a strike length 
of nearly 100 feet; the maximum width is about 6 feet. The wall rocks 
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adjacent to the magnetite-hematite mass show local, but strong fracturing. 
Later and more widespread faulting has fractured the magnetite-hematite 
body, which apparently replaced a limestone bed or lens in a section composed 
largely of gypsum. 

Finely granular but massive magnetite is the dominant constituent of the 
deposit. Present in lesser quantities are massive hematite, specular hematite, 
hydrated iron oxides, pyrite, a chloritelike mineral (estimated 2V = 18°; 
B = 1.58 + 0.05; na — n, = 0.014 +, which is suggestive of leuchtenbergite), 
gypsum, minor chalcopyrite, sparsely distributed crystals of metatorbernite 
(and possibly some torbernite) on fracture surfaces, covellite, an unidentified 
uranium-bearing mineral, sphalerite(?), quartz, marcasite, and one observed 
grain of questionably identified galena. Disseminated grains of pyrite and 
minor chalcopyrite in the iron ore commonly form a megascopically distinct 
reticulate pattern. Semiquantitative spectrographic analyses (Table 1) of 
three samples of the magnetite-hematite body indicate that, in addition to 
iron, the only other metallic element present in amounts exceeding a fraction 


TABLE 1 


SEMIQUANTITATIVE SPECTROGRAPHIC ANALYSES OF SAMPLES FROM THE PRINCE MINE, 
Lincotn County, N. Mex.' 


Fe Mn 


1 00x — 
2 . Tr 
3 00x — 


Looked for but not detected: P, Ag, As, Au, B, Bi, Cd, Dy, Er, Gd, Ge, Hf, Hg, In, Ir, 
Li, Os, Pd, Pt, Re, Rh, Ru, Sb, Sn, Sm, Ta, Th, Ti, Te, U, and W. 


0 = Looked for but not detected. 
Tr = Near threshold amount of element. 


1 Analyst: R. G. Havens, U. S. Geological Survey. 
2 Sample 1—Continuous chip sample across width of magnetite-hematite body. 
Sample 2—Radioactive magnetite and hematite containing relatively abundant sulfide 
minerals. 
Sample 3—Magnetite-hematite specimen with metatorbernite on joint surfaces. 


P 4 
4 
Sample} Al Ca Mg Na K 
1 x+ x+ xx. Ox — x.— Ox x+ 
2 x xx. .Ox — x— x.— Ox + x+ 
3 x x xx. Ox x x- x.— Tr 0 
a oa) Ba Be Ce Co Cr Cu i 
1 | .00x— | .000x x | 00x+ | 00x | 
2 00x— | .000x— | .x 00x+ | | 
Pine 3 .000x | .000x Ox 00x + 00x Ox — 
Fedighg. Ga La Mo Nb Nd Ni Pb Se Sr 
| | | om | .ox+ | .00x Tr 00x | .00x+ 
2 00x— | .xx— | 0Ox— | .00x Ox + 00x | .00x— 00x | .00x+ 
a 3 00x— | .0x 00x— | .00x Ox— | 00x— | .00x 0 00x — 
Vv Zn | Zr 
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of a percent is magnesium, probably largely in the chloritelike mineral but 
possibly in magnesite or substituting for Fe** in the magnetite. Radioactivity 
and chemical analyses for uranium of these samples gave, respectively, 0.023, 
0.016, 0.044 percent equivalent uranium and 0.015, 0.012, 0.031 percent 
uranium. 

A few veinlets of calcite, quartz, hematite, and an unidentified white 
chalcedonic material, suggestive of highly siliceous magnesite, cut both the 
wall rocks and the magnetite-hematite body. 

Brief study of a few polished sections and autoradiographs of specimens of 
the iron ore suggest that the iron oxide minerals and the sulfide minerals were 
deposited separately and that the primary uranium was deposited only with 
the magnetite and hematite. In polished section, primary crystalline hematite 
is intergrown with magnetite and, less commonly, occurs as microscopic vein- 
lets on interfaces between crystals of magnetite. Pyrite crystals occur as 
nearly equidimensional subhedra, as extremely irregular and embayed grains 
that commonly contain inclusions of magnetite, hematite, or other minerals, 
and as crushed crystals with some fractures filled with magnetite and hematite 
(Fig. 2). Most of these fractures are confined to pyrite crystals and only a 
few extend into the bounding magnetite. The chalcopyrite in the iron deposit 
is present largely as inclusions in pyrite; a few irregular covellite grains are 
bound by thin rims of sphalerite(?) which, in turn, are bounded either by 
magnetite or hematite or both. The uranium—exclusive of that in secondary 
uranium-bearing minerals, which coat fractures and fill pore spaces—is in 
minute, unidentified particles rather uniformly distributed in the magnetite 
and, locally, in the crystalline hematite; autoradiographs show that the 
uranium-bearing mineral is absent in the sulfide minerals and is sparse where 
the magnetite is in contact with sulfide crystals (Fig. 3). Some thin veinlets 
of supergene hematite and limonite cut most of the constituent minerals of 
the iron ore. 

Although pyrite and minor chalcopyrite are locally distributed in the iron 
ore in a megascopically reticulate pattern that suggests localization in pre- 
existing structures in the magnetite-hematite body, study of polished sections 
indicates that some sulfide mineral grains are extensively replaced by magnetite 
and hematite, some contain inclusions of magnetite, and others are highly 
fractured whereas the magnetite is not. Conceivably the magnetite and 
sulfide minerals could be essentially contemporaneous; however, because of 
the distinctly different types of pyrite crystals, it is thought that there were 
two distinct periods of sulfide mineralization separated by an intervening 
period of iron oxide mineralization in which only sparse sulfides were de- 
posited. The distribution of the unidentified, uranium-bearing mineral in- 
dicates that it was deposited with the magnetite and hematite, and accordingly 
it is inferred that it is genetically related to the same pyrometasomatic activity 
that introduced the magnetite. 

The sulfide minerals and fluorite in the aureole adjacent to the ore body 
are not appreciably radioactive although the fluorite is the deep purple variety 
commonly associated with uranium in other deposits. 
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Fic. 2. Polished sections of two iron-ore specimens from Prince mine, Lincoln 
County, N. Mex. a. (left) Pyrite (white) embayed and replaced by magnetite and 


hematite. 41 x. b. (right) Fractures in pyrite (white) filled with magnetite and 
hematite. 94 x. 


ORIGIN OF DEPOSIT 


The uraniferous magnetite-hematite deposit at the Prince mine is inter- 
preted to have formed pyrometasomatically as a replacement of sedimentary 
rocks adjacent to a monzonite pluton. Uranium was introduced during the 
oxide phase of mineralization but not during the sulfide phase. 

Although all the genetic implications of this iron-uranium association are 
not clearly understood, these elements probably were mobilized and con- 
centrated through energy derived from a magma now represented by the 
monzonite. Sullivan (14) has suggested that similarity of melting points 
of elements may have a considerable significance in metallic associations in ore 
deposits. Because the melting points of iron and uranium are relatively close 
(respectively 1535° C and 1150° C; 14, Table 1), the iron and uranium at 
the Prince mine originally may have been mobilized and concentrated more 
or less simultaneously. Conceivably both elements were primary constituents 
of the monzonite magma and were extracted at about the same time from the 
crystallizing melt. On the other hand, they may have been extracted from 
the invaded rocks, either through assimilation of wall rock or diffusion of 
these substances into the magma, possibly concentrated, and deposited in 
their present environment. Present surface exposures of the monzonite are 


BS 


URANIFEROUS MAGNETITE-HEMATITE DEPOSIT 


3b. 


Fic. 3. Polished section and autoradiograph of iron-ore specimen from Prince 
mine, Lincoln County, N. Mex. a. (left) Polished section of magnetite-hematite 
ore with layers containing pyrite (white). Diameter of polished section mount is 
1.24 inches. b. (right) Autoradiograph of same polished section showing distribu- 
tion of uranium-bearing materials. Large white spots show location of meta- 
torbernite and torbernite( ?) crystals. 


not abnormally radioactive, although the monzonite may contain trace amounts 
of uranium in the relatively abundant accessory magnetite. Other uranium- 
bearing minerals were not observed in thin sections. 

Although finite temperature and pressure conditions cannot be established 
for the mineralizing process that introduced iron and uranium, the tempera- 
ture is thought to have been relatively low because: (1) The contact-meta- 
morphic aureole enclosing the ore body is relatively thin, and (2) the aureole 
is composed, in part, of relatively low-temperature contact-metamorphic min- 
erals rather than high-temperature contact-metamorphic minerals such as 
garnet and pyroxene. The physical and mineralogic character of the aureole 
may be more largely dependent, however, on the composition and volume of 
the silicating solution, the permeability of the country rock, and the relative 
pressure gradient at time of mineralization rather than temperature; the 
paucity of quartz suggests that these solutions may have contained only 
moderate amounts of silica. The epidote in the aureole may serve as a rough 
indicator of the temperature at which the aureole formed. Epidote probably 
forms between 300° and 500° C (4, p. 1088), and the Prince ore body 
probably was formed within or only slightly above that range. The sulfide 
minerals and fluorite in the aureole, as well as some of the pyrite and chalco-. 
pyrite in the deposit, were introduced by lower temperature hydrothermal 
solutions that followed the higher temperature pyrometasomatism. 

The field evidence suggests that the iron deposit may be a rather clear 
example of a process outlined by Shand (11) for the origin of certain mag- 
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netites and related ores. Many magnetite deposits have been ascribed to 
residual solutions rich in iron (1, p. 410-412), but Shand (12, p. 191-192) 
believes that many such residual solutions are alkaline and do not contain 
dissolved iron. Such solutions from crystallizing magmas are postulated to 
be relatively enriched in sodium and potassium ions and thus have an alkaline 
reaction. The intrusive rocks near the Prince mine are rich in feldspar and, 
hence, were probably formed from a mildly alkaline magma; residual solutions 
were probably also alkaline. Shand believes the solutions contain a hydrosol 
of ferrous hydroxide, kept in suspension by the alkalies. His belief is sup- 
ported by the fact that ferrous hydroxide is insoluble in alkaline solutions. 
With the extraction of the alkalies in the solution, the hydrosol undergoes 
self-oxidation, forming magnetite, water, and free hydrogen, according to the 
following equation : 


3Fe(OH), = Fe,O, + 2H,O + H, f 


The process has been observed in the corrosion of iron boilers (11), and one 
of the authors has observed black magnetic powder, possibly magnetite, 
formed in marine engine boilers operated at about 300° to 400° C, at 215 
pounds pressure per square inch. 

The coagulation of such a hydrosol would be aided by MgSO, or K,Cr,O, 
as electrolytes in the solution (6, p. 685). Table 1 shows that the ore has 
an appreciable amount of Mg and a little Cr; the sulfate ion could have been 
extracted from the gypsum in the Yeso formation and potassium ion could 
have been available from the residual magmatic solution. 

This hypothesis of origin provides a good answer for two questions raised 
by Bateman (1, p. 404 and 426) about the formation of late magmatic oxide 
ores: (1) “If concentrations of heavy ferromagnesian silicates are formed in 
the lower portions of intrusives then why not also similar concentrations of 
iron and titanium oxides?”, and (2) “ .. . why such difficultly meltable 
substances as magnetite and ilmenite should remain in the residuum of a 
basic magma and how can they remain molten to permit injection ?”. 

The process of uranium deposition may be similar to that postulated for 
deposits near Schmiedeberg in the Riesengebirge by Berg (2) and Meister 
(7). Magnetite deposits in a skarn zone were affected by late-stage solutions 
from a granitic magma that deposited copper, lead, zinc, and silver sulfides, 
oxidized magnetite to hematite, and deposited pitchblende around pieces of 
hematitized magnetite. Botryoidal pitchblende is partly replaced by sulfides. 
In the Schmiedeberg deposits, the Prince mine, and probably elsewhere, 
uranium is closely associated with iron oxide and not with sulfide minerals. 
As uranium at the Prince mine principally is associated only with magnetite 
and hematite, it is inferred that it was fixed during the oxide phase of miner- 
alization rather than the sulfide phase; primary uranium is conspicuously 
absent in all the sulfide minerals and is not associated with them, though 
some secondary crystals of metatorbernite do occur in open spaces in frac- 
tured pyrite. 

The physico-chemical factors involved in the fixing of uranium in this 
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type of environment are not clearly understood, although it is apparent that 
the iron and the uranium were introduced at essentially the same time. 
Probably some, and perhaps all, of the primary uranium occurs as an impurity 
in the interstices of the magnetite lattice; it seems likely that the cerium, 
lanthanum (Table 1), and possibly other elements, are similarly trapped in 
the magnetite lattice. The uranium and rare earths also may occur as a rare 
earths-uranium mineral perhaps comparable to davidite. The even distribu- 
tion of the uranium in the iron oxide may be the result of coprecipitation dur- 
ing the coagulation of the hydrosol. Most uranium compounds are slightly 
more soluble than the corresponding iron compounds and, according to Pierce 
and Haenisch (9, p. 312), this should aid the coprecipitation of uranium with 
an iron hydrosol. The coagulation must have taken place at a relatively low 
temperature, or the iron hydroxide would have been purified, and uranium 
expelled. Higher temperature causes coprecipitated ions to be released and 
is commonly used in laboratories to purify precipitates. The association of 
uranium with the iron oxide phase in the ore and not with the sulfide phase 
may be caused by the differences in the sols of the two phases. According to 
MacDougall (6, p. 686), metals and metallic sulfides form negatively charged 
sols in systems with water as the dispersion medium, whereas the sols of 
metallic hydroxides are positively charged. It may be that uranium was in 
the form of positively charged particles, which were coprecipitated with the 
oxides and not with the related sulfides in the Prince mine ore. 

The exact manner in which the uranium is contained in the iron oxide 
minerals at the Prince mine is not known. It is unlikely that magnetite 
contains actual segments of the uraninite structure because uraninite has a face- 
centered cubic lattice (8, p. 611), whereas magnetite has an octahedral- 
tetrahedral type of structure (3, p. 98-101). However, the spinel (mag- 
netite) lattice can accommodate many different ions (3, p. 98), and uranium— 
in sixfold coordination—could probably substitute for Zn, Cu, or Cd in the 
lattice, according to its ionic radius (10, p. 794-795). 


CONCLUSIONS 


At the Prince mine, uranium is associated with pyrometasomatic magnetite 
and hematite thought to be genetically related to monzonite intruded into 
sedimentary rocks of Permian age. Both the iron and uranium are thought 
to have been mobilized and concentrated at essentially the same time by energy 
derived from a magma now represented by the monzonite. Both elements 
may have been primary constituents of the monzonitic magma, or they may 
have been extracted from the invaded rocks. The uranium, which was fixed 
during the oxide phase of mineralization and not during the sulfide phase, is 
present in some unidentified form probably, in part, substituting for Zn, Cu, 
or Cd, in the spinel (magnetite) lattice. It is thought that the uranium and 
the iron oxide were coprecipitated during the coagulation of a hydrosol of 
ferrous hydroxide in a mildly alkaline environment and under relatively low- 
temperature conditions. The magnetite in the Prince deposit probably re- 
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sulted from self-oxidation of a ferrous hydroxide hydrosol during extraction 
of alkalis from solution. 


U. S. GroLocicaL Survey, 
Denver, Coto., 
Jan. 16, 1956 
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ABSTRACT 


Forty sphalerite samples from the Star mine, Coeur d’Alene district, 
Idaho, and 19 sphalerite samples from other Coeur d’Alene mines have 
been quantitatively analyzed by spectrographic methods for Fe, Cu, Pb, 
Cd, Ga, Ge, In, Mn, Co, and Hg. The samples from the Star vein were 
— over a strike length of 2,000 feet and a vertical distance of 5,300 
eet. 

It is believed that Star mine sphalerite formed in equilibrium with Fe; 
consequently, following Kullerud’s work, the Fe content may be used as a 
relative temperature scale. Relative Fe temperatures suggest that the 
lower portions of the Star ore body formed at lower temperatures than the 
upper portions of the ore body. 

Distribution of the minor elements in sphalerite is random within the 
ore body. Also, there is no correlation of Fe with minor elements other 
than Mn; therefore we believe temperature has had no influence on the 
distribution of minor elements, except Mn, in this ore body. 

The principal reason for this seems to be that equilibrium concentra- 
tions of the minor elements were not reached. Minor-element concentra- 
tions in sphalerite from the Coeur d’Alene district are similar to those in 
other districts throughout the world; consequently, the writers suggest 
that in general the minor-element content of sphalerite, other than per- 
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haps Mn, cannot be an indicator of formation temperatures because equi- 
librium concentrations are rarely, if ever, attained. 
The average minor-element content in a district is probably that of the 


ore-forming solutions. Specific minor-element content in sphalerite is 
random. 


INTRODUCTION 


Tue U. S. Geological Survey is investigating the ore deposits of the Coeur 
d’Alene district. The geochemistry of sphalerite, a major ore mineral in the 
Coeur d’Alene district, has been studied in some detail, emphasis being placed 
on the variation of iron, to be considered a major element of sphalerite, and 
on the minor-element content. Fe is a major constituent of most Coeur 
d’Alene sphalerite, and it was hoped that the variation in Fe content, re- 
flecting temperature conditions, would assist in determining the origin and 
manner of deposition of the ore deposits in the district. Minor-element con- 
tent of sphalerite also was investigated because of the economic importance 
of several minor elements and the hope that the abundance and distribution 
of minor elements might also aid in determining the origin of the ore deposits. 

The literature of geochemistry includes a number of spectrographic studies 
of sphalerite (5, 6, 7, 9, 11, 12, 13, 17, 18, 20, and 24). As far as the writers 
are aware, however, no studies have been made of sphalerite from a single 
ore shoot, or detailed studies of sphalerite from a single large ore district. 
This paper mainly presents the results of a study of the Star mine ore body 
from which samples were collected over a strike length of 2,000 feet and 
over a vertical distance of 5,300 feet. The study of Star mine sphalerite 
should be considered as only a reconnaissance because of the relative sparse- 
ness of sample pattern. Forty samples from the Star mine were analyzed; 
19 samples from other mines in the Coeur d’Alene district were analyzed, 
and the results are included here. 

Reasons for Choice of Star Mine, and Sample Collection—The objective 
of this part of the sphalerite study was the investigation of the geochemistry 
of sphalerite from a single large vein. It is quite possible that such a study 
should first be done on a fissure vein ; however, the veins in the Coeur d’ Alene 
district are, with the possible exception of the gold-scheelite and stibnite 
veins, replacement veins. It was thought that if an ore shoot had been formed 
over a large range of temperatures such a range would be most pronounced 
in a large ore shoot and that any differences in sphalerite chemistry resulting 
from a range of formation temperatures could then be more readily recognized. 

A desirable vein for such a study, of course, should have complete accessi- 
bility over a long strike length and over a great vertical range. The Star 
mine, primarily a zinc mine, was selected for sampling because it most nearly 
fitted these qualifications. Only half of the very large ore shoot lies within 
the boundaries of the Star mine; the remainder, in the Morning mine, is now 
inaccessible. The upper part of the Star mine is accessible from the 1,000 
to the 2,900 level, and the lower part of the mine from the 4,700 to the 5,500 
level. In time, part of the ore shoot below the 5,500 level of the mine will be 
accessible and this study can then be extended. In addition, samples were 
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collected on the Morning mine 5,200 level, which will be equivalent to the 
Star mine 6,800 level. The Morning-Star ore shoot was incompletely studied, 
and owing to closing of the Morning mine in 1953, that portion of the vein 
will remain so; however, parts of the now inaccessible vein and its ore have 
been described by Ransome (16), Umpleby and Jones (21), and Wald- 
schmidt (23). 

Mining in the Star mine, and the Coeur d’Alene district in general, is 
done by square-set stoping followed closely by filling floors with waste. At 
any given time sampling must be restricted to accessible levels and to those 
parts of the vein being mined and it is, therefore, impossible to sample an ore 
body at any given time in the detail desired. 

Samples for analysis were chosen to be as uniformly distributed as possible 
throughout the ore shoot in the Star. Some parts though, could not be 
sampled because of their inaccessibility. Also some of the samples collected 
were discarded because the sphalerite within them was too intimately inter- 
grown with magnetite or pyrite to make a clean separation possible. 


RESUME OF STAR MINE GEOLOGY 


The Star mine is at Burke, Idaho, in the northern part of the Coeur 
d’Alene district. The main portal is connected by a long crosscut to the 
deposit about 2 miles to the south. The general geology of this area (north 
half of the Mullan, Idaho, Special Sheet) has been described by Ransome and 
Calkins (16), Umpleby and Jones (21), and Griggs (10). The country rock 
of the Coeur d’Alene district consists of slightly metamorphosed, quartzitic to 
argillitic sediments of the Precambrian Belt series that have been folded, 
faulted, and intruded by granitic stocks and dikes of various types. The 
Belt series in the district consists, from bottom up, of the Prichard, Burke, 
Revett, St. Regis, Wallace, and Striped Peak formations. The series has an 
exposed total thickness of 23,000 feet. 

The Morning-Star vein, except for the great size of its ore shoot, is 
typical of the veins in the Coeur d’Alene district. It is the result of an 
extensive series of replacements (16, 21). The earliest vein-forming fluids 
introduced minerals that formed veins by replacing country rock along faults 
and shear zones, whereas the later fluids deposited minerals that replaced both 
country rock and earlier vein minerals. 

The Star mine is on the western half of an ore shoot on the Morning-Star 
vein; the other half is in the Morning mine. The strike of the Morning- 
Star vein is irregular, but the portion in the Star mine trends in general about 
N. 79° W._ The over-all dip is about 85° N. The ore shoot has a maximum 
stope length of 4,000 feet; the known pitch length is 6,300 feet. Within the 
Star mine the vein is in massive beds of the Revett quartzite, which have a 
general steep dip to the northeast. The vein in the eastern part of the 
Morning mine cuts the overlying more argillaceous St. Regis formation. 

The paragenetic sequence of the major minerals present is, approximately : 
pyrite (oldest ?), magnetite, siderite, ankerite, barite, sphalerite, chalcopyrite, 
and galena. Minor minerals include: chlorite, marcasite (younger than 


ae 
7 
| 
{ 
{ 


226 VERNE C. FRYKLUND, JR. AND JANET D. FLETCHER 


colloform pyrite and older than sphalerite), quartz, tetrahedrite, and a late 
ruby silver, probably polybasite. Thermal metamorphism of the vein by a 
large lamprophyre dike has formed silicates from country rock, quartz, and 
siderite. 

Estimation of the pressure during vein formation is handicapped by the 
difficulty in estimating the amount of cover removed by erosion since Late 
Cretaceous time when the veins were probably formed, plus the added un- 
certainty as to the amount of post-mineral dip-slip movement on the Osburn 
fault. The senior writer believes that dip-slip movement of at least 2,500 feet 
accompanied strike-slip movement of about 16 miles. 

The writers are assuming that the lowest known ore north of the Osburn 
fault formed at a depth of 14,500 feet. Assuming a system open to the 
surface, minimum hydrostatic pressure, pre-erosion, on the lowest known ore 
would have been about 365 atmospheres. Minimum rock pressure at the 
same point would have been about 1,185 atmospheres, assuming 76 at- 
mospheres for each 1,000 feet of rock. The temperature due to the normal 
geothermal gradient at 14,500 feet would set the lower limit of temperature 
of sphalerite formation. Assuming a geothermal gradient of 1° centigrade 
per 100 feet, the minimum temperature 14,500 feet below the surface would 
be 145° centigrade. 


GENERAL GEOCHEMICAL CONSIDERATIONS 


In a limited study of this type, the principal geochemical problems to con- 
sider might be grouped under two headings: (1) what minor elements substi- 
tuted for Zn in Coeur d’Alene sphalerite; (2) what factors determined a 
particular concentration of a minor element in Coeur d’Alene sphalerite. 
Only problems that come under the first heading will be considered in this 
section, and even then it will be necessary to anticipate some of the results 
of latter sections. 

According to Haberlandt (11) minor elements in a mineral may be there 
because: (1) the element is part of the mineral structure; (2) the element 
may have been trapped in micro-openings of one kind or another; (3) the 
element may have been adsorbed on the surface of the mineral at some time; 
(4) the element may be present as a major component of a foreign mineral 
inclusion, or, in one of the three previously mentioned ways, as a minor 
element in an inclusion. Thus, it seems that modes are available for any 
element to be present in a given mineral sample. 

The term “minor element” in reference to a mineral, however, is probably 
generally understood to mean an element that is occupying a position in the 
mineral structure that normally would be occupied by a major component of 
the mineral, and in amounts detectable by present spectrographic methods. 
A major problem, of course, is: how does one determine that the element in 
question is occupying such a position in the particular mineral structure? It 
appears that without a synthesis one can only indicate the possibility of sub- 
stitution—that it is permissive. 

There is of course a considerable literature that describes crystal chemical 
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criteria of permissiveness with respect to substitution where the ionic bond 
is involved, but unfortunately all this seems to have but slight application 
where covalent and metallic bonding is concerned. Many writers have dis- 
cussed the problem; Schroll’s (17) discussion is a good example. 

The writers, and probably most other investigators of minor elements, have 
used a combination of empirical and crystal chemical data that include: (1) the 
likelihood that the element in question is not in an inclusion of a mineral 
known to be in a district, as shown by an examination of polished surfaces ; 
(2) the fact that no mineral containing major amounts of the element is 
known to exist in nature; (3) crystal chemical data relating to artificial com- 
pounds; (4) tables of ionic and covalent radii; (5) gross chemical dissimi- 
larity of the minor constituent and the element supposedly being replaced; 
and (6) records of previous analyses that show a group of elements common 
to a particular mineral. There is no doubt, however, that an answer to the 
question as to whether an element can actually substitute for another element, 
particularly where the covalent bond is important, depends upon an analysis 
of the bonding by wave mechanical methods. 

Some other sphalerite analyses from other districts (6, 13) seem to show 
that sphalerite generally contains only a limited number of elements other than 
Zn and S. These elements commonly include Fe, Cd, Mn, Ga, Ge, In, Co, 
and Hg that, the writers believe, substitute for Zn in Coeur d’Alene district 
sphalerite. Kullerud (12) has synthesized sphalerite with varying amounts 
of Fe, Mn, and Cd and has shown how unit cell dimensions were affected by 
those elements. There is then no question that Fe, Mn, and Cd can substi- 
tute for Zn. There appear to have been no syntheses of sphalerites rich in 
other minor elements so that a decision as to whether they should or should 
not be considered as substituting for Zn must be based on other considerations. 
Ga and In are not known to be essential constituents of any mineral (15, p. 
720) and as their tetrahedral covalent radii are of appropriate size, Ga—1.26 
A, In—1.44 A (14, p. 179), undoubtedly the two elements substitute for Zn, 
with a covalent radius of 1.31 A (14, p. 179). Ge is a constituent of an ex- 
ceedingly rare group of minerals, and it is doubtful if the Ge reported in 
sphalerite analyses from the Coeur d’Alene, or other, districts is in inclusions 
of argyrodite, for instance. Hg has been reported in tetrahedrite from the 
Coeur d’Alene district, but in quantities less than 0.01 percent. No other 
Hg-bearing mineral is known in the district. The material analyzed was not 
contaminated by tetrahedrite, so the writers believe that Hg also substitutes 
for Zn in Coeur d’Alene district sphalerite. No attempt to recover this 
mercury is made. 

Co probably substitutes for Zn in Coeur d’Alene sphalerite. Gersdorffite 
is found in the Coeur d’Alene Silver Belt, but is apparently confined to this 
zone, and no other cobalt-nickel minerals have been recognized in sphalerite 
from other parts of the district. Of interest is the small tonnage of cobalt 
recovered each year from sludges at the Sullivan Mining Company’s electro- 


lytic zine plant (22, p. 449) from dominantly Coeur d’Alene district zinc 
concentrates. 
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Cu and Pb were determined in order to check on the purity of the sam- 
ples, and to make appropriate corrections in the Fe values. Cu is present 
as chalcopyrite, and a portion of the Fe value must be alloted for chalcopyrite 
(completely insignificant amounts of some of the minor elements were prob- 
ably also contributed by chalcopyrite). 

The writers, then, are confident that Fe, Mn, Cd, Ga, Ge, Hg, In, and Co 
substitute for Zn in Coeur d’Alene sphalerite, but they are not so certain about 
the role of Ag or the distribution of all the Cu. Eleven semi-quantitative 
analyses were made during the course of the quantitative spectrographic de- 
terminations (Table 4). Ag was detected in all but one sample—a single 
crystal—but the occurrence of Ag presents unsolved problems in that neither 
Sb nor As were detected in any of the semi-quantitative analyses, which 
might eliminate a ruby silver or other sulfosalt as the source of the Ag; the 
spectrographic sensitivities of Sb and As, however, are much inferior to that 
of Ag. Possibly Ag is present as unidentified argentite or native silver ; more 
likely much of the Ag is in galena inclusions. Some Cu may substitute for 
Zn, as has been shown possible by Buerger (2). Such substitutions would 
compensate for the extra electric charges introduced by Ga and In, but un- 
doubtedly most of the Cu, and possibly most of the Ag, values represent 
inclusions. 

Other elements reported in the semi-quantitative, and quantitative, analyses 
are Ca, Sn, Mg, Al, Ba, Ti, Ni, Sr, Zr, and V. Ni may actually substitute 
for Zn; Sn may also, or it may be in cassiterite as in some Canadian sphalerite 
(24) ; Ca and Mg are undoubtedly in carbonate inclusions (some Mn also) ; 
Ba and Sr are undoubtedly in barite inclusions; Al, Ti, Zr, and V are probably 
constituents of country-rock inclusions. 

The list of elements looked for but not detected in the semi-quantitative 
analyses is of interest as the list indicates that sphalerite may, in general, 
commonly contain only a select group of minor elements. The analyses of 
Oftedal (13), where he analyzed both sphalerite and galena from a number 
of deposits, certainly shows this to be true. Analyses in Table 3 of two 
sphalerite crystals and a galena crystal from the same vug tend to confirm this. 
Cd and Co were restricted to sphalerite; Bi and Sb were restricted to galena. 
Unfortunately, Ge, Ga, and Hg were not detectable in the material analyzed. 


GEOTHERMOMETRY OF COEUR D'ALENE DISTRICT SPHALERITE 


When this study was started it was hoped that the minor-element distribu- 
tion, combined with the known fact that the Fe content of sphalerite increases 
with the temperature of formation (4), would at least roughly indicate tem- 
peratures of formation in the Star ore shoot. Very fortunately during the 
course of the investigation Kullerud (12) published the FeS-ZnS phase dia- 
gram and thus placed our work on a much more firm basis. 

Donald H. Richter of the U. S. Geological Survey attempted to check 
temperatures of formation by optical observations of bubble inclusions and the 
decrepitation technique. Only a very minor amount of Coeur d’Alene 
sphalerite, however, is sufficiently transparent to permit observation of 
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bubble inclusions, and such sphalerite comes from veins formed later than the 
major productive stage. The results of the decrepitation work are presented 
in Table 1 (Table 1, Decrepitation temperatures of selected sphalerite speci- 
mens). 

According to Richter (written communication), “from these results then, 
it appears that sphalerite, regardless of its iron content and/or formation 
temperature, decrepitates between 295 and 340° C. Like calcite and other 
rhombohedral carbonates it is probably not suitable for study by the decrepita- 
tion technique.” 

It would appear that, at present, the determination of temperatures of 
formation of sphalerite will depend largely on Kullerud’s FeS-ZnS phase 
diagram. 

The FeS-—ZnS system has been determined by Kullerud (12, p. 64) who 
states: “Provided sufficient iron sulfide was present during the formation of 
the mix-crystals, the ZnS would dissolve an amount of iron determined by the 
temperature an 1 pressure conditions existing during the formation of the 
sulfides.” 

“In numerous ore deposits pyrrhotite occurs intimately connected with 
sphalerite (marmatite). From geological studies it has been shown that an 
abundance of iron was generally present during the entire process of ore 
formation. Therefore, in such cases one may safely assume that equilibrium 
conditions existed between free pyrrhotite and the FeS dissolved in the 
sphalerite lattice at the time of sphalerite formation. In any sample of 
sphalerite fulfilling the above mentioned conditions, the amount of FeS dis- 
solved is related to the temperature of formation of mix-crystals. Hence, the 
temperature of ore deposition, disregarding pressure, may be determined from 
the amount of FeS dissolved in the sphalerite lattice using the FeS—ZnS 
diagram.” 

Further, (12, p. 109), “It may now be concluded that the FeS solubility 
in ZnS is not very sensitive to a variation in the S:Fe ratio in pyrrhotites and 


TABLE 1 
DECREPITATION TEMPERATURES OF SELECTED SPHALERITE SPECIMENS 


Fe Decrepitation 
Sample No. (wt. percent) 
VCF-377a-53 4.0* 
VCF-185g-52 2.91 
VCF-185i-52 0.58* 
VCF-185h-52 0.42* 
RE-152 0.5 
RE-258 0.5 
RE-337 0.5 
RE-164 2 
TWS-27 


* Spectrographic analysis. 

1 Chemical analysis. 

2 Dark honey color, probably near 0.5 Fe also. 

* Colorless to light honey color. Probably almost pure ZnS. 
* Average decrepitation temperature. 
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is only slightly (2 percent) decreased when pyrite (FeS,) forms mix- 
crystals with ZnS. Consequently the diagram may be used as a geologic 
thermometer also where FeS, is found in equilibrium with (Fe, Zn) S mix- 
crystals. 

However, if such a situation exists in nature, the diagram presented can 
not be used where sulfur is present in excess of the amount needed to satisfy 
the FeS, formula.” 

The boundary between the @(Fe, Zn)S field and the FeS-@(Fe, Zn)S 
field of the phase diagram should be, therefore, of considerable geologic in- 
terest. Kullerud has made the tacit assumption that the shape and position 
of this solid solvus curve would not be greatly affected by the presence of 
minor constituents. The writers are willing to make the same assumption, 
but would like to point out that the literature of metallography is replete with 
examples of binary systems whose solid-state fields can be drastically altered 
by small amounts of a third component, but perhaps not in the minute quanti- 
ties common to many minor elements. 

Even if it could be satisfactorily demonstrated that a naturally occurring 
sphalerite formed in an environment where there was an excess of Fe, it 
seems doubtful that the temperatures of formation deduced from study of the 
artificial system FeS—ZnS can be applied to sphalerite from an ore deposit. 
A major difficulty in using the Fe content of the sphalerite to indicate the 
precise temperature of formation is that no information is available on the 
system FeS-ZnS—-H,O. Water was surely a major component of the ore- 
forming solutions. Judging from its behavior in other systems, the presence 
of water is likely to have a considerable effect on the FeS—ZnS solvus line. 
The temperatures determined from Kullerud’s data may therefore not give an 
absolute scale to apply to an ore deposit. It seems unlikely, however, that 
the presence of water could change the relations in such a way that more Fe 
could be taken into sphalerite at low temperatures than at high temperatures. 

We may be justified then for a particular ore deposit to indicate relative 
formation temperatures by an Fe temperature scale. For example, a 
sphalerite containing 3 percent Fe could safely be considered as forming at a 
lower temperature than one containing 6 percent Fe. The writers throughout 
the remainder of this paper have assumed that a particular Fe content indicates 
a particular temperature, provided it is possible to demonstrate that the 
sphalerite in question was in equilibrium with Fe when it formed. This as- 
sumption is believed to be quite justified, and of course it puts discussions 
of temperature control of minor-element occurrence on a completely different, 
and we believe firmer, bas's than heretofore. 

Equilibrium with Fe 2: img formation is somewhat difficult to prove, but 
there is considerable <vidence that most of the sphalerite from the Star mine, 
and other mines listed in Table 2, formed in reasonably Fe-rich environments ; 
quite possibly Fe was available in excess of that needed for equilibrium at 
formation temperatures. 

The only way to demonstrate that there was equilibrium with respect to 
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Fe for a particular sample during formation depends first on showing that 
excess Fe is still present in another Fe-bearing mineral, and second, on what 
one can see at the contact between the sphalerite and the Fe-bearing mineral. 

The Coeur d’Alene veins are replacement veins, and in the Star mine un- 
replaced remnants of magnetite, pyrite, marcasite, and siderite, as well as 
ankerite, all Fe-bearing, are in sphalerite, frequently in considerable quantities. 

Sphalerite from most parts of the Star mine, in thin section, is uniform 
in color (and Fe-content) even where it is in contact with Fe-rich minerals. 

We think it reasonable to assume that during the formation of sphalerite 
that has partially replaced magnetite, for instance, an excess of Fe was present. 
The color of sphalerite is largely dependent upon its Fe content and if the 
color of sphalerite near, or at, its contact with magnetite is similar in color 
to sphalerite away from the contact, as observed in thin section, it is apparent 
that there is no Fe concentration gradient. We would judge, first of all, 
that the sphalerite at the contact was in equilibrium with Fe at the time it 
formed; and second, that the sphalerite farther away from the contact was 
also in equilibrium with Fe when it formed. Most of the sphalerite, in the 
Star or other Coeur d’Alene district mines, in contact with Fe-bearing min- 
erals shows no color differences. 

A more useful example might be a situation where it is possible to show 
that non-equilibrium conditions with respect to Fe have occurred. Such 
examples are probably not rare but they are sufficiently uncommon to make 
one suspect that much naturally occurring sphalerite formed in equilibrium 
with Fe. If no other Fe-bearing phase is present, of course, it would be as 
impossible to prove dis-equilibrium as it would be to prove equilibrium; if, 
however, sphalerite is in contact with an Fe-bearing mineral and one can show 
that sphalerite at the contact contains more Fe than the same sphalerite mass 
2 to 3 mm away from the contact, we believe it safe to say that most of the 
sphalerite at one time was not in equilibrium with Fe. 

This situation has occurred at sphalerite contacts with Fe-rich minerals 
in the contact zone adjacent to a nearly vertical lamprophyre dike exposed in 
the Star mine from the 1,000 level to the 5,100 level. This dike, about 50 
feet wide, has thermally metamorphosed adjacent portions of the vein. At 
contacts between sphalerite and Fe-rich minerals, principally magnetite but 
also pyrite and siderite, Fe has diffused into the sphalerite, producing dark 
ruby-red (as seen in transmitted light) rims 0.02 to 0.03 mm wide, strongly 
contrasting with the amber-colored main sphalerite masses. These reaction 
rims are present only in sphalerite adjacent to the dike, and they occur in thin 
sections of samples taken from several different levels. 

To recapitulate, the lack of reaction rims in most sphalerite at contacts be- 
tween sphalerite and Fe-rich minerals indicates that the Fe in the sphalerite 
was in the equilibrium with Fe in the Fe-rich mineral when the sphalerite 
formed. Reheating the sphalerite at the contact with a dike, presumably well 
above formation temperature, has permitted a solid-state reaction in which 
Fe has moved into the sphalerite. 
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PREPARATION OF SAMPLES AND METHODS OF SPECTROGRAPHIC ANALYSIS 


Samples selected for analysis were crushed several times, contaminating 
material being removed after crushing. Massive sphalerite was abundant, and 
it was not necessary to up-grade material by heavy-liquid separations. Final 
picking of approximately 35- to 60-mesh material was made using a binocular 
microscope. Separation of magnetic fractions was made at all stages with an 
Alnico magnet. If the very fine-grained impurities were chalcopyrite or 
galena, a reasonable attempt was made to remove the material, but as Cu 
and Pb were determined, it was not necessary to reject such samples. 
Previous studies had indicated that galena does not contain the minor elements 
commonly found in sphalerite. Chalcopyrite may contain some of the minor 
elements present in sphalerite, but the amounts contributed by included chalco- 
pyrite (note Cu values in Table 2) would be close to, if not below, the limits 
of detection. The possible exception would be sample number 54-6205 
that contained 1 percent Cu; in this case perhaps some Co was contributed by 
chalcopyrite. If the specimen contained very fine-grained magnetite or pyrite, 
as determined in polished sections, that could not be liberated by crushing to 
picking size, the sample was discarded. 

The general method used for the spectrographic analysis of geological 
materials has been previously described (8) so only the steps required to 
adapt it for the analysis of sphalerites will be described. All of the sphalerite 
samples were powdered and initially diluted with an equal weight of a mixture 
consisting of 90 percent quartz and 10 percent sodium carbonate. This mix- 
ture was incorporated in the samples in order to improve their burning quali- 
ties in the d.c. arc. If from this initial exposure, the calculated results for 
the elements looked for, namely Fe, Cu, Ge, Pb, Cd, In, Mn, Ga, and Co 
showed a high concentration, further dilution was indicated. This dilution 
consisted of mixing with the samples varying amounts of a pegmatite-base 
mixture consisting of 60 percent quartz, 40 percent feldspar, and 1 percent 
Fe,O,. Since the regular standards in the Geological Survey’s spectrographic 
laboratory have as their matrix this pegmatite-base mixture, the incorporation 
of this mixture with the samples reduced the matrix difference between 
samples and the standards, and brought the concentration of the various 
elements within the accurate range of the analytical working curves. 
Sphalerites analyzed chemically for Fe were exposed along with the samples 
and served to validate our analytical curves for Fe. 

The regular analytical procedure was not suitable for determining Hg 
because of the extreme volatility of the element. The results were erratic and | 
were considered to be too high. Oftedal (13) has shown that the spectrum 
of Hg is considerably more intense when the element is present as a solid- 
solution component of natural sphalerite than when it is present as prepared 
HgS mixed mechanically into a synthetic standard. He, therefore, utilized a 
chemically analyzed, Hg-rich sphalerite for preparing his standards. Such 
a sphalerite was not available for the present investigation. 

The effects due to the extreme volatility of Hg are substantially reduced 
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if a separate determination is made for the element using the following 
modifications of the method. 


Electrode crater: 15 mm depth, 4.7 mm diameter. The regular-grade 
electrode to be ignited at 600° C. for 10 min just prior to use in order 
to eliminate any contamination. 

Sample size: 50 mg 

Arc current : 9 amps 

Exposure time: 15 secs with commensurate increase in the amount of light 
permitted to enter the spectrograph. 


Both the initially prepared mixture of sphalerite and Na,CO,—quartz 
mentioned above and the pegmatite-base standards containing Hg as chemi- 
cally precipitated HgS were exposed under the modified conditions. The 
more gradual release of Hg into the arc from the deep electrodes substantially 
reduced the differences in the intensity of the Hg lines due to differences in 
the mode of combination of the element. That this matrix effect was com- 
pletely eliminated could not be verified because of the lack of sphalerites of 
known content of Hg. Although there is thus some uncertainty as to the 
absolute accuracy of the Hg percentages reported in Table 2, the relative 
differences among the samples were verified through replicate analyses. 

Following is a list of the lines of the various elements determined and 
their sensitivities under the described working conditions: 

Wavelength 
Element A 


Cu 3273.96 
Ge 2651.18 
Pb 2833.07 
Cd 3261.06 
In 3039.36 
Mn 2939.30 
2949.20 
2974.82 
Co 3453.50 
3449.17 
Fe 3175.45 
3286.76 
3021.07 
Ga 2943.64 
Hg 2536.52 


* This sensitivity for Hg is only possible with the special procedure used for determining 
this element. 


RESULTS OF ANALYSES 


The results of quantitative analyses of 59 samples are presented in Table 2. 
Quantitative analyses of single crystals are presented in Table 3. The re- 
sults of semi-quantitative analyses of 11 samples are presented in Table 4. 
The average concentrations for 59 analyses in Table 1 are shown in Table 5. 
Pb and Cu are considered to be impurities. 

Although the number of analyses is few for the size of the mine, the dif- 
fering Fe contents of sphalerite from the top and bottom of the mine can be 
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TABLE 4 
SUPPLEMENTAL SEMI-QUANTITATIVE ANALYSES FOR MINOR ELEMENTS IN SPHALERITES 


OF THE CoruR D'ALENE District* 


(Only elements present in concentrations less than 1 percent are given) 


Lab. No. 


OX% 


OX% 


% 


Not found in 
the sample 


53-2.25SW 


54-217SW 
54-463SW 
54-464SW 
54-622SW 
54-623SW 
54-838SW 
54-839SW 
single 
crystal 
139048 
139049 


139050 


Cd, Pb, Mn 

Cd, Pb, Mn 

Cu, Cd, Mn 

Cu, Pb, Cd, 
Mn 

Pb, Cd, Mn, 
Mg 

Pb, Cd, Mn 

Cd 


Cd 


Cd 
Pb, Cd, Mn 


Ag, Cu, Ca 

Cu, Ca, Ba, 
Mg, Al, Hg 

Pb, Mg, Ca 

Co, Mg, Ca 

Ca, Ag 

Cu, Ti, Mg 


Pb, Mn 


Hg, Ge, Sn, Co, 
Mg, Ga, In, Al 

Ag, Ga, Co 

Hg, Ag, Ge, Co, 
Ga 

Hg. Ag, Ni, Ti, 
Ba 


Hg, Cu, Co, Ni, 
Ti, Ba 


Ge, Co, Ga, Ti, 
Cu 

Cu, Co, Ti, Mg, 
Ca 


Hg, In, Co, Ni, 
V, Ti, Zr, Ba 

Ag, Ge, In, V, 
Ti, Zr, Mg, Ca 

Hg, Ag, Co, Ga, 
V, Ti, Zr, Mg, 
Ca 


V, Zr, Ba, Sr 


Ni, Ti, Zr, Ge, 
Sr, In 

Ni, V, Zr, Sr, 
In 

V, Zr, Ge, Sr, 
In 

V, Zr, Ge, Sr, 


V, Zr, In, Sr, 
Ba 

Ag, Hg, Ge, Pb, 
Ni, V, Zr, In, 
Sr, Ba 

Ge, Ga 


Hg, Sr, Ba 


Sr, Ge, Ni, Ba, 
In 


Not found in any of above samples: Au, Pt, Pd, Ir, Mo, W, As, Sb, Bi, Tl, Cr, Sc, Y, 
Yb, La, Th, U, Nb, Ta, Be, P, B. 
All samples contained X% Fe. 


* Janet Fletcher, Analyst. 


TABLE 5 
AVERAGES OF SPECTROGRAPHIC ANALYSES OF SPHALERITE FROM SEVERAL LARGE DISTRICTS 


Number 
of 


samples 


-0036 
.0018 0 


Gabrielson (6), Carbonate-Skarn group, Sweden. 
Gabrielson (6), Skellefte district, Sweden. 

All of Gabrielson’s analyses. 
Coeur d'Alene district, Idaho, this study. 
Oftedal (13), Contact deposits, Norway. 
Oftedal, average of V and VII. 
Oftedal (13), Urgebirge of southern Norway. 
Schroll (18), Vein deposits in Austria. 


Gabrielson (6), Veins in post-Archean sedimentary rocks, Sweden. 


NT | 
| 
Ti, Ba 
| | | Bie 
In ‘ 
Hg, Ag, Sn, Co, Ni V, Zr, Ge, Sr, ; 
Ga, Cu In, Ba Se 
Hg, Cu, Ag, Ni er 
Pb, Mn, Mg ay 
Mn 
Cd, Mn Cu, Ag, Pb, Sr at 
Mg, Ca 48 
| | 
Av. F 
(Temp. Av. Cd Av. Ga Av. In Av. Ge Av. Mn Av. Co | 
index) 
I 11.0 0.13 0.008 | 0.002 0.009 0.41 0.01 ' 23 
II 10.65 14 .0038 | .008 .00003 31 .002 33 
Ill 8.5 17 0045 | .0047 .0049 39 014 78 
IV 4.1 40 0012 | .00088 | .001 27 .0055 59 
3.76 25 75 12 16 
VI 3.60 40 Al — | 
Vul 1.1 24 .039 017 — 31 
Ix 49 33 .0005 .09 0 
I 
Il 
IV 
VI 
vil 
VIII 
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readily recognized by color differences. The color of the single analyzed 
sample from the Morning 5,200 level, 2.2 percent Fe, is quite typical of 
sphalerite from that deep level. 


CORRELATION OF FE CONTENT OF SPHALERITE WITH POSITION 
IN ORE SHOOT 


Figure 1 shows that the Fe content of Star sphalerite does not increase 
with depth. In fact, the analyses indicate that sphalerite from the lower part 
of the mine contains less Fe, and therefore, in light of our previous discussion, 
formed at lower temperatures, than much sphalerite from the upper part 
of the ore body. Lines of equal Fe content in sphalerite in the upper and 
lower parts of the ore body are shown in Figure 2. The lines are, of course, 
diagrammatic but they do reflect real conditions. 

The low formation temperatures at great depth are particularly interesting 
as are the suggestions of horizontal thermal gradients as shown by some near- 
vertical lines of equal Fe content. 

An interpretation of these features might be more simple, and convincing, 
if there were many more times the available number of analyses. Yet, al- 
though only 40 samples from the Star mine were analyzed, the Fe content 
can be readily checked by the color of the sphalerite, and from the color of 
other samples it is apparent that trends indicated by the few samples would 
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Fic. 1. Correlation of Fe content of sphalerite with altitude, Star mine, 
Coeur d’Alene district, Idaho. 
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Fic. 2. Longitudinal projection of Star mine, Coeur d’Alene district, Idaho, 
showing generalized lines of equal Fe content, in percent, of sphalerite. 


be confirmed by a greater number of analyses. The greatest value of ad- 
ditional quantitative values, however obtained, would be to give a closer 


control to lines of equal Fe content and thus bring out what appear to be 
finer structural features of the ore shoot. 
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Even more analyses, however, would not answer such fundamental ques- 
tions as: do ore shoots first form at the bottom and build upward, or vice 
versa? If ore shoots first form at the bottom and build upward, the low 
relative temperatures at depth would finally prove the often suggested 
hypothesis that the ore-forming process starts at low temperatures, continues 
at higher temperatures, and finally ends at low temperatures. (For argu- 
ment, we may assume the second low-temperature zone has been eroded.) 
One may with equal validity argue that ore solutions are forced to deposit 
ore minerals at lower and lower depths as avenues for passage upward are 
progressively plugged by mineral formation, and that finally the last ore 
minerals of a particular surge form at low temperatures at greatest depth. 
This could be the case at the Star mine and it is the one the writers prefer, 
although there remains the problem of disposal of depleted solutions. 

Certainly, this manner of formation would bring fluids of highest energy 
content into the upper parts of a vein where in the Star mine the higher Fe 
content shows higher formation temperatures. Building downward also 
eliminates the constant reworking of sphalerite by Zn-bearing solutions as the 
sphalerite front is supposedly advancing upward. 

The local hot spots, as indicated by higher Fe content, are difficult to 
explain but they are not the result of analytical errors, as sphalerite from these 
areas is distinctly darker than surrounding sphalerite. One might suggest 
that these higher temperatures are the result of exothermic reactions with 
replaced material as suggested by Dreyer and others (3) and Bailey and 
Cameron (1). 

The vertical trends to the lines of equal Fe content suggest that ore shoot 
formation was a result of emplacement of a number of vertical, stringbean- 
like minor ore shoots along conduits that permitted the rapid rise of ore 
solution high into the vein structure before horizontal replacement began. 
Such an event may have happened a number of times. This interpretation 
of the formation of the Morning mine side of the ore shoot has been made by 
W. Manning Cox and Phillip Conley, Jr. (oral communications) on the 
basis of wide and narrow portions of the vein that could be traced over vertical 
distances of thousands of feet. One such subsidiary ore shoot on the very 
east end of the main ore shoot was Pb-rich from top to bottom of the mine. 

The source of the Fe in the Star mine sphalerite might be the same fluid 
that transported the Zn, Fe present in minerals replaced by sphalerite, or 
some combination of the two. 

Undoubtedly some Fe was acquired from pre-existing minerals but there 
seems to be no way of identifying such Fe. Practically mono-mineralic vein- 
lets of Fe-rich sphalerite are common in the mine, and the entire district, and 
it is obvious that this Fe and Zn were introduced at the same time. Again, 
whether the Fe came directly with the Zn from deep sources or was picked 
up from earlier-formed minerals lower in the vein cannot be determined. 

The writers believe that most of the Fe in sphalerite came from deep 
sources, but are not prepared to guess as to its method of transport, although 
some pyrite in the vein was probably transported as colloidal FeS, as shown 
by colloform textures that have been found in a number of places in the mine. 
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CORRELATION OF MINOR ELEMENTS OF SPHALERITE WITH POSITION IN 
ORE SHOOT AND WITH FORMATION TEMPERATURES 


Graphical correlation of minor-element content of sphalerite with position 
in the Star ore shoot showed that distribution was random. 

Correlation c‘ Cd, Ga, Ge, Hg, In, and Co content with Fe content is 
also random; as an example, correlation of Cd and Fe is shown in Figure 3 
(Figure 3, Correlation between Cd and Fe content of sphalerite from the 
Coeur d’Alene district, Idaho). Very roughly, Mn varies with Fe content, 
although no coefficient of correlation has been calculated. This correlation 
is graphically shown in Figure 4. 

We have already presented evidence that the Fe content of Star mine 
sphalerite indicates relative temperatures of formation, and therefore, as a 
consequence of the relations discussed above, we are forced to conclude that 
there is no temperature correlation with respect to Cd, Ga, Ge, Hg, In, and Co. 
This conclusion is somewhat at variance with the conclusions of most other 
investigators of minor element occurrence and the matter is discussed in the 
following section. 

In addition, various ratio calculations show that there is no correlation 
between the concentrations of the minor elements themselves. Gabrielson 
(6) reached this conclusion in his study of minor elements in sphalerite 
from Swedish deposits; he also found the same correlation we did between 
Mn and Fe. 
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Fic. 3. Correlation between Cd and Fe content of sphalerite from the 
Coeur d’Alene district, Idaho. 
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Fic. 4. Correlation between Mn and Fe content of sphalerite from the 
Coeur d’Alene district, Idaho. 


COMPARISONS WITH OTHER STUDIES OF MINOR ELEMENTS IN SPHALERITE 


There is a large literature on the geochemistry of sphalerite and, in general, 
the analytical results of most studies are quite similar. There is general 
agreement that Fe, Ge, Cd, In, Mn, Ga, Co, and Hg, elements analyzed in this 
study, substitute for Zn in the sphalerite structure ; further, percentage ranges 
for these minor elements are now well established. Averages of some larger 
district studies are in Table 5. 

There is, of course, some disagreement among investigators as to whether 
certain other elements, such as Sn and Tl, do or do not substitute for Zn. 
TI does not substitute for Zn in the Coeur d’Alene district, but we are not 
prepared to argue with others who appear to have good evidence for such 
substitution. There is, undoubtedly, considerable variation in the quality of 
sample preparation and spectrography represented by the various studies, 
and the writers suggest due caution as to what can or cannot substitute for 
Zn until appropriate quantum mechanical calculations can be made. 

The largest area of disagreement with other investigators has to do with 
the relationship between temperature and minor-element distribution. We 
believe that temperature has had no control on minor-element distribution in 
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sphalerite in the Star mine except Mn; an extrapolation of this conclusion 
leads us to believe that temperature has probably had little or no influence on 
minor-element distribution in sphalerite in other mines and districts. 

It is apparent that many investigators have based their conclusions about 
temperatures of formation of sphalerite on the presumed high- or low- 
temperature nature of accompanying minerals ; or the “general consensus” that 
a particular district or type of deposit formed at high or low temperatures. 
We may all agree that most sphalerite in Mississippi Valley-type deposits 
formed at low temperatures, but assertions about sphalerite from other types 
of deposits need more, and quantitative, proof. 

As far as we know the absolute or relative temperature of formation of a 
sphalerite sample can be determined only by optical observations of bubble 
inclusions (controversial) and by the Fe method (a method which we are 
certain will become equally controversial). Optical observation of bubble in- 
clusions is impossible for most Coeur d’Alene sphalerite because it is too 
fine-grained and the color is generally too dark for observation. It is also 
probable that known post-mineral movement in the veins has ruptured primary 
vacuoles. We suspect that the situation in the Coeur d’Alene district is not 
greatly different from the other major sphalerite districts in the world. In 
any event there seem to be no such studies on bubble inclusions other than 
those on Mississippi Valley deposits. 

It is the senior writer’s opinion that even if the formation temperatures of 
older, or younger, minerals were known, such temperatures would not neces- 
sarily indicate anything about the formation temperature of a particular 
sphalerite sample; in fact, actual, or presumed formation temperatures of 
older minerals may be very misleading. This is well demonstrated by geologic 
relations in the Coeur d’Alene district where gangue minerals, of analyzed 
sphalerite include: garnet, grunerite, anthophyllite, biotite, chlorite, pyrite 
(colloform in part), magnetite, pyrrhotite, siderite and ankerite, and barite. 
Inasmuch as the sphalerite productive stage is younger than any of these 
gangue minerals, it is not particularly astonishing to find that the Fe content 
of sphalerite has no correlation with the supposed formation temperature of 
the predominant gangue mineral. A broad generalization about the Coeur 
d’Alene district is that formation temperatures of gangue minerals of various 
deposits range from what might be called low hypothermal to mesothermal 
but that formation temperatures of productive stage sphalerite lie in the low 
mesothermal range ; some late sphalerite formed in the epithermal range. 

Realizing that in the Coeur d’Alene district gangue minerals mean nothing 
as far as relative sphalerite formation temperatures are concerned, we are prone 
to suspect the designations of “high,” “medium,” and “low” temperature unless 
the investigator has specifically determined sphalerite formation temperatures 
either by the “bubble” method, or by the Fe method. 

As we have said in earlier sections of this paper, we believe there is good 
evidence that our analyzed material formed in equilibrium with Fe and that, 
consequently, the Fe content indicates relative temperatures of formation. 
We are not in a position to determine whether samples of other investigators 
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were or were not in equilibrium with Fe when they formed. Differing, and 
unknown formation pressures and possibly pH and other factors would make 
absolute comparisons between ore districts even more uncertain. 

It seems, however, that any comparisons whatsoever of our work with 
past investigations, and any resulting generalizations, must depend on the Fe 
method for determining relative temperatures of formation. Let us then, 
lacking any other temperature data, assume that most of the sphalerite 
analyzed by other investigators formed in equilibrium with Fe, and that pH 
and other unknown factors must be essentially the same in order to transport 
and deposit zinc in any hydrothermal environment. Of necessity we will 
ignore the relatively minor influence of pressure. With these assumptions 
and qualifications in mind, let us examine some of the work done in other 
areas by other workers. 

The district studies of Oftedal (13), Gabrielson (6), and Schroll (18) 
are of particular value for our purposes because Fe content was quantitatively 
determined for each sample (Oftedal’s data are less complete). Other 
studies have included only a very few samples or the Fe, and other analyses, 
were only qualitative. Kullerud’s analyses (12) are world wide and give no 
clear picture of a single district ; the same is true of Schroll’s interesting study 
of wurtzite, “schalenblenden,” and sphalerite (17). 

When Coeur d’Alene district analyses are included, the total of useful 
district sphalerite analyses is about 207, representing six European districts 
and one North American district. Table 5 presents average percentage values 
for these seven districts, as well as averages of all of Oftedal’s (13) and 
Gabrielson’s (6) work. There are thus nine groups tabulated according to 
decreasing average Fe content, and, perhaps, as to decreasing formation, 
temperature. Groups I, II, and III of Table 5 might be considered “high” 
temperature; groups IV, V, VI, and VII might be considered “medium” 
temperature deposits; and groups VIII and IX might be “low” temperature 
deposits. If Fe content represents average temperature of formation, it would 
appear that district data show that the influence of the formation temperature 
of the sphalerite on the occurrence of minor elements in sphalerite is negligible. 

The tabulation seems to demonstrate that distribution of the elements 
involved is erratic within the earth’s crust, and suggests that there are distinct 
minor-element provinces. 

According to Evrard (5, p. 571), “The governing factor as to the presence 
of rare elements in sphalerite is the original composition of the parent magma. 
The variations resulting from modifications of temperature and pressure are 
then superimposed.” If such is the case, comparisons between districts as 
was done in Table 5 would have no necessary significance, and the variations 
resulting from modifications of temperature and pressure would be apparent 
only if one considered data from a single district, or mine. Distinct trends 
should be apparent by plotting minor-element content against Fe content, as- 
suming as usual that Fe was present in equilibrium concentrations. This has 
been done for Coeur d’Alene district sphalerite, and there is no correlation 
between Fe and any minor element except Mn (Fig. 4), where the correlation 
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is poor. The writers plotted Cd, In, and Mn against Fe for sphalerite from 
three Swedish districts (6); there is a correlation with Mn but none with 
Cd and In. 

The writers have concluded that there is no evidence as to temperature 
influence in minor-element occurrence, other than Mn, in the Coeur d’Alene 
district, district-wide or in the Star ore body. The writers wonder whether 
any district shows such influence. Kullerud (12, p. 142) reached the same 
conclusion, but he would also include Mn. 


FACTORS THAT DETERMINED CONCENTRATION OF MINOR ELEMENTS IN 
COEUR D'ALENE SPHALERITE 


Available evidence indicates that equilibrium concentrations of the minor 
elements, except for Mn (Fe is considered a major element), were never 
attained in the Coeur d’Alene district; and consequently formation tempera- 
tures could not affect minor-element concentration. As shown in Table 5 
usual concentrations of most of the minor elements in sphalerite are very 
small; it seems that equilibrium concentrations of any, other than Mn, must 
be exceedingly rare throughout the world. 

Average concentrations of a minor element in sphalerite from any district 
appear to depend on the “average” amount of the element in the ore-forming 
solutions. Minor-element provinces are apparently real. 

As an example, according to Warren and Thompson (24) the average 
Cd content of 122 western Canadian sphalerites was about 0.45 percent and 
that of ten sphalerites from the western United States and Mexico was 0.43 
percent. The average of 59 Coeur d’Alene samples is 0.40 percent. It would 
appear that sphalerite from western North America contains about the same 
amount of Cd regardless of the particular ore deposit. 

Lacking equilibrium concentrations the question as to why there should 
be variation in, for instance, Cd content in sphalerite from a single ore shoot 
can have no answer at present. Goldschmidt’s rules were developed for 
situations where the ionic bond is dominant and would have no application 
to the covalent and metallic bonding of sulfides; Shaw (19) has shown that 
Goldschmidt’s rules cannot be applied quantitatively to even ionic-bonded 
crystals. There thus seem to be no empirical rules that can be of assistance. 
At present, chance must be considered as determining minor-element con- 
centration within an ore shoot. 


CONCLUSIONS 


1. It seems probable that the sphalerite in the Star mine formed in equi- 
librium with Fe; Fe contents may, therefore, be used to indicate relative tem- 
peratures of sphalerite formation in the Star mine ore body. 

2. Fe contents of sphalerite indicate that the lower portions of the Star 
ore body formed at lower temperatures than much sphalerite from the upper 
portion of the ore body, corrections for pressure being considered. An inter- 
pretation is that the ore body formed from the top downward. 

3. Further work with sphalerite would probably demonstrate finer struc- 
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tural features in the ore body, thus showing in detail how an ore shoot 
forms. 

4. The minor elements in sphalerite, other than Mn (Fe should be con- 
sidered a major element), cannot be indicators of formation temperature be- 
cause equilibrium concentrations are rarely, if ever, obtained. This conclusion 
should have been reached on theoretical grounds before the writers started 
the work. The writers suspect this conclusion applies to most minerals. 

5. Minor-element concentrations seem dependent on primary concen- 
trations in ore-forming fluids. Certain portions of the earth’s crust are 
richer in certain minor elements. The most useful approach in a search for 
minor elements of commercial value seems to be the identification of provinces 
rich in the element, and not in the examination of material from deposits 
supposedly formed at particular temperatures. 

The writers question whether further work on minor-element distribution, 
in particular ore shoots, is justified. The writers believe there is a fruitful 
field in the investigation of major-element variation of a number of minerals 
in single ore shoots. It appears that such investigations will finally indicate 
temperatures, for particular stages, of vein and ore shoot formation. The 
need for laboratory investigation of binary and ternary systems involving 
sulfides is great. ‘The writers might add that published quantitative analyses 
of sphalerite (or other minerals) from ore deposits in the United States are 
surprisingly few. 
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THE PARAGENESIS OF ACCESSORY MINERALS 
W. W. MOORHOUSE 


ABSTRACT 


Most of the common non-opaque accessory minerals (apatite, zircon, 
sphene) may be expected to crystallize late in igneous rocks since, other 
things being equal, constituents in small amount in a complex solution 
should crystallize late. This inference is confirmed by the association of 
these minerals with pegmatites, the presence of apatite and sphene in cer- 
tain contact metamorphic deposits, and the lack of concentrations of these 
minerals in the case of rocks and ores produced by crystal settling at the 
base of complex differentiated sills and thick flows. Texture and distribu- 
tion of these accessories in igneous rocks also demonstrate their late origin. 

The association of accessory minerals with biotite, hornblende, magne- 
tite and, in some cases, quartz is demonstrated and attributed to their late 
magmatic crystallization. Conversely, the association of the accessory 
minerals with biotite in granites implies a late origin for this mineral even 
in acid rocks. The more nearly equal distribution of accessory minerals 
among the essential constituents of paragneisses as compared with igneous 
rocks offers a criterion for determining the origin of gneisses. 

These conclusions have a bearing on the origin of late magmatic ore 


deposits. 
INTRODUCTION 


More than most sciences, the study of rocks has been burdened with an incu- 
bus of outworn ideas, some of which are merely useless baggage, and others 
are downright misleading. Among the latter, one which receives regular re- 
incarnations in textbooks is the “Rosenbusch Order of Crystallization,” in 
spite of the fact that it was superseded long ago by Bowen’s Reaction Series, 
and Shand exposed its shortcomings in a lucid discussion of the paragenesis 
of igneous rocks. Also, over the same period of time, economic geologists and 
some petrologists interested in the relationships between rocks and ores have 
described cases in which oxide and sulphide ores violate this rule, e.g. : Colony 
(7), Mawdsley (16), Osborne (21), Fisher (10), Sampson (27), Gillson 
(11), Gillson, Callahan and Millar (12), Moorhouse (17, 19) Bateman (2), 
to mention a few. Nonetheless, it survives in many textbooks. Thus, Ran- 
kama and Sahama (25, P. 462) state, “Apatite and sphene are among the 
first minerals to crystallize during the formation of igneous rocks.” Wahl- 
strom (34, p. 254) also affirms, “In general, the minor accessory minerals such 
as apatite, zircon, and magnetite crystallize first.” More recently, Williams, 
Turner and Gilbert (35, p. 16) commit themselves to a similar statement, with 
slight qualification, “the normal order of crystallization in igneous rocks begins 
with the minor constituents (apatite, zircon, sphene, etc.), though some of 
these may also be formed at a late stage by replacement of pre-existing min- 
248 


ag: 
; 
: 
‘a 
4 
ae. 
Ale: 
he 
j 


THE PARAGENESIS OF ACCESSORY MINERALS 249 


erals.” Many other examples could be quoted of the repetition of such state- 
ments in current textbooks but the above should suffice to justify the presenta- 
tion of a summary of evidence that such statements are largely incorrect. 

Definitions.—Before proceeding further with the discussion of this subject, 
it would be well to define it more precisely. Accessory minerals are defined 
by Holmes (15, p. 23) as “minerals occurring in small quantities in a rock, 
and whose presence or absence does not affect its diagnosis.” Several groups 
of minerals are at times included in this general category. Thus plagioclase 
may be an accessory in a peridotite, or quartz may be an accessory in a syenite 
or diorite. Again, alteration products in many cases may be reckoned as ac- 
cessories, where they occur in relatively small amount. These minerals are 
not considered in this paper. A third group is the oxides and sulphides, gen- 
erally opaque, and generally present as accessories only, but locally concen- 
trated in ores. The paragenesis of these minerals has been discussed by many 
writers, (such as Newhouse (20) and authors cited above), with increasing 
emphasis, in recent years, on their late crystallization. Finally, there are the 
non-opaque accessories such as zircon, apatite, sphene, monazite, rutile, 
xenotime, and a large number of less common minerals. These minerals 
occur in insignificant amounts in igneous rocks, never forming essential con- 
stituents except for a few rare cases in which they occur as ore minerals. 
Certain minerals belong more or less obviously to this group, but are also 
clearly late stage or secondary products (tourmaline, topaz, fluorite) and, 
since their paragenesis is not in doubt, they will not be considered further. 
This paper is concerned primarily with the minerals apatite, zircon and sphene, 
since they are relatively ubiquitous and are generally present in sufficient 
abundance in ordinary rocks to permit an elementary statistical treatment. 

In the discussion that follows, no attempt will be made to locate the time 
of formation of these minerals more precisely in the paragenesis of the rock 
than to say that they are not in general the first minerals to crystallize. Thus 
the position taken here is not as incompatible with Buddington’s (6) as he 
seems to imply. It is not possible to say precisely at what stage in solidifica- 
tion of an igneous rock these minerals have been formed. It is very likely that 
different minerals behave somewhat differently. One should hardly expect 
oxides such as chromite, magnetite and hematite, sulphides such as pyrite, 
phosphates such as apatite, monazite, and xenotime, and silicates such as 
sphene and zircon, to crystallize at the same stage of rock crystallization. The 
surprising feature of the accessory minerals is that most of them do appear to 
have remarkably close parallels in association and paragenesis (e.g. the associ- 
ation of apatite, zircon and magnetite). Some of these minerals undoubtedly 
have rather complex histories. For instance, in lava flows magnetite may 
occur as relatively large crystals, as fine dust scattered through the matrix, 
and as granular impregnations of oxidized ferromagnesian silicates. Not all 
these types of magnetite may have been formed simultaneously. Similarly, 
it is rather probable that in hydrothermally altered basic rocks, more than one 
generation of apatite may be present. 
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THEORETICAL CONSIDERATIONS 


It has been pointed out by Shand (29, p. 107) that a substance in small 
amount in an igneous magma (such as apatite, sphene or zircon) would nor- 
mally be among the last constituents to crystallize rather than one of the first. 
Assuming that accessory minerals are early, Vogt (31, p. 645) sought to ra- 
tionalize this anomaly by supposing that accessory minerals were relatively 
insoluble in silicate melts compared with the more abundant constituents. He 
designated such minerals as “telechemic.” There seems little justification for 
this stratagem. Prince (24) has shown that sphene behaves no differently 
than other silicates in silicate melts. I know of no reason why the same 
should not be true of zircon and more complex silicates. The work of Bredig 
(3) and others implies that apatite should crystallize in a normal way from 
complex solutions. Peach (23, p. 33) showed that phosphate in amounts 
equivalent to over 8 percent of apatite is retained in solution in a homogeneous 
glass of norite composition. The situation with respect to the oxides of iron 
and chromium, and the sulphides of iron, is more complicated. The work of 
Wager and Deer (32) and Wager and Mitchell (33) has underlined the tend- 
ency of iron to become concentrated in certain later differentiates of basic com- 
plexes, and for phosphorus and titanium to become concentrated in the middle 
or late middle stages of crystallization of the Skaergaard intrusion. Similar 
tendencies with respect to iron have been demonstrated by many investigators 
of igneous rock series. These trends are clearly incompatible with the early 
crystallization of magnetite in a differentiating magma. 


GEOLOGICAL EVIDENCE 


Certain characteristics of igneous rocks are incompatible with the idea of 
early crystallization of the accessory minerals. Perhaps the most obvious is 
the evidence from differentiated complexes and flows. Most of the minerals 
here considered have densities considerably in excess of that of the rock in 
which they occur, and would certainly be denser than any normal magmatic 
melt. If these minerals crystallized early one should expect them to form 
segregations at the base of differentiated complexes. This is substantially 
true for chromite, although even this mineral does not appear to have an early 
crystallization in all cases, according to Fisher (10), Sampson (27), Singe- 
wald (29a), and Bateman (2). On the other hand, magnetite, ilmenite, and, 
in some cases, associated apatite, invariably occur at relatively high levels in 
the large basic complexes. The Bushveld according to Hall (14), Bateman 
(2) and others, the Skaergaard intrusion (32) are notable examples, and the 
Sudbury norite has been shown by Collins (8) to be enriched in phosphate 
and titanium near its transition zone to the overlying micropegmatite. The 
detailed chemical investigations of Keweenawan basaltic flows by Broderick 
(4) confirm the evidence of these differentiated sills, by demonstrating an en- 
richment of the upper part of the flow in ferric iron, titania and phosphorus, 
among other elements. The enrichment of normative olivine and hypersthene 
near the base of these flows demonstrates that settling of heavy minerals has 
nonetheless taken place. 
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Closely related to examples such as the above are the features shown by 
ore deposits of chromite, ilmenite and magnetite. Many excmples have been 
recorded in which ores of this type show intrusive characteristics and some 
of these have been summarized by Bateman (2). The restricted occurrence 
of these ores demonstrates their genetic relationship to the anorthosites, pe- 
ridotites, and gabbros, in which they occur. The intrusive relationships which 
they locally present are proof of their late crystallization, and are not com- 
patible with early crystallization of these minerals. 

Accessories such as zircon, monazite, and many uranium and rare earth 
minerals are abundant in pegmatites and pegmatitic granites. In certain cases 
these minerals are best developed in the cores of such dikes, which are gen- 
erally considered to have crystallized later than the borders. If such rocks 
are an end product of differentiation of basic magmas, as many hold, it is im- 
possible that the accessories mentioned could be early precipitates. 

Contact-metamorphic deposits provide further interesting light on this 
question. Apatite, for instance, is abundantly associated with metamorphic 
pyroxenites in the Grenville areas of Ontario and Quebec (9, 26). In these 
areas, it also is found in some pegmatites in considerable abundance. Sphene 
also occurs in abundance in pegmatites and metamorphic pyroxenites along 
with the apatite. Although the oxides and sulphides of iron rarely occur in 
abundance in pegmatites, they are very prominent in many contact-meta- 
morphic deposits. The writer has discussed elsewhere the close relationship 
of contact-metamorphic and pegmatitic deposits (18). Can these minerals 
be produced by contact-metamorphic processes and from the same miner- 
alizing magma be precipitated as early crystals? I doubt it. 


TEXTURAL RELATIONSHIPS 


The preceding discussion indicates rather conclusively that accessory min- 
erals do not commonly crystallize early. It is worthwhile, however, to re- 
examine the textural evidence on which the Rosenbusch order of crystalliza- 
tion is based. Shand (29) has discussed certain aspects of this question fully, 
and I will avoid as far as possible repeating his strictures on the criteria of 
paragenesis that have been used. The criteria given below are quoted from 
his discussion (p. 107). 

1. “When one crystal encloses another, the latter is of earlier formation.” 
Shand has pointed out that this criterion is unreliable because the thin section 
provides a two-dimensional picture only of the fabric. This is especially true 
in the case of interlocking crystals, with sutured contacts, such as are char- 
acteristic of many granites, and in the case of intergrowths of many kinds. 
That the approach to this question is completely subjective is demonstrated 
by the fact that no one seriously suggests that grains of zoisite or sericite en- 
closed in plagioclase, or perthitic blebs of albite enveloped in microcline are 
therefore earlier than the enclosing crystal. We know (!) that the first are 
alteration products, that the second is an exsolution phenomenon ; but is this 
a logical reason for applying a different rule to such cases, than we apply to 
enclosures of apatite or zircon in the major constituents of igneous rocks? 
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2. “The earlier crystals will generally be well shaped, the later ones less 
so owing to their mutual interference.” 

This test of paragenesis ignores completely two well-established observa- 
tions. It has long been known that in metamorphic rocks, the perfection of 
crystal form depends upon the relative “crystallizing power” of the constituent 
minerals. It is a curious coincidence indeed that the accessory minerals 
sphene, rutile, magnetite, hematite, ilmenite are placed by Becke in the group 
showing the greatest tendency to euhedral development in metamorphic rocks. 
Thus, this one criterion is interpreted in one way in metamorphic rocks, in 
another way in igneous rocks. 

Again, it is a familiar observation to ore geologists that many minerals 
(both non-metallics, such as tourmaline, epidote, biotite, carbonate, albite, and 
metallics, such as pyrite, magnetite, marcasite, arsenopyrite, to mention a few) 
have developed euhedral crystal form by replacement of a pre-existing rock. 
No one would claim that euhedral pyrite in a shale, euhedral albite in an 
adinole, or euhedral arsenopyrite in a greenstone schist, by virtue of their 
crystal form were therefore the oldest minerals in the paragenesis of the rock. 
They developed epigenetically, by replacing or pushing aside the original min- 
erals. Yet in an igneous rock, the euhedral crystal is regarded as prima facie 
evidence of early crystallization. I can see no reason why one rule should 
apply, let us say to pyrite in a schist and another to pyrite in a granite, or 
why one rule should apply to tourmaline and another to apatite in the same 
igneous rock. 

3. “When a rock contains both large and small crystals, it is to be pre- 
sumed that the large crystals started to grow first.” As far as the accessory 
minerals are concerned, this rule in fact contradicts the other two. As a 
generalization, it is irrelevant, as it cannot of itself be used to demonstrate a 
unique paragenesis. It must be fortified by other criteria, otherwise one can- 
not distinguish between the phenocryst and the metacryst, the porphyry and 
the porphyritized rock. 

It is admittedly difficult to work out an unambiguous paragenesis on the 
basis of texture alone. In the course of the 15 years during which this prob- 
lem has received my attention, many hundreds of thin sections have been ex- 
amined, and a number of observations have been made, which, although indi- 
vidually not critical to the problem, have considerable cumulative significance : 

1. In the statistical treatment, which follows, it has been found that of the 
common accessories, particularly apatite, zircon and sphene, about 83 percent 
(by volume) are located at the borders of the grains of the rock in which they 
occur. 

2. In many cases, where the accessory minerals do occur within grains of 
the essential constituents, they occupy fractures, cleavage planes, or patches 
of alteration. Others have noted this characteristic of accessories such as 
zircon and apatite. Thus Anderson and Hammerand (1, p. 573 ff.) report 
that “Zircon, apatite, magnetite, and garnet likewise favor a distribution along 
grain borders, cleavages and fractures. ... they are about the same age as 
late quartz.” 
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3. Accessory minerals are erratically distributed through thin sections 
(Figs. 1 and 2). Commonly they occur in clusters of grains, in which the 
individual crystals may vary widely in their dimensions. This is more con- 
sistent with late crystallization of rather erratically distributed residual solu- 
tions than with early crystallization in a fluid uncomplicated by other solid 
phases. In fact the propinquity of grains of disparate sizes in a fluid magma 
free of other crystal would be thermodynamically improbable. 
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Fic. a “Map” of thin section of Syenite, Biella, Piedmont, based upon inter- 
section of grain boundaries with a 1 mm grid. Note erratic distribution of acces- 
sory mineral grains. 
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Fic. 2. Diagram, prepared as in Fig. 1, from thin section of “Granite” (quartz 
monzonite), Triberg, Schwartzwald. Note erratic distribution of accessory min- 
eral grains. 


4. A curious texture is sometimes observed in some granophyres and dia- 
bases. Apatite is occasionally observed in these rocks occurring in radiating 
tufts, whose base is the border of the host grain. The individual acicular 
crystals of apatite diverge inward into the grain. Such relationships agree 
best with development of the apatite by replacement of the enveloping mineral. 
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5. In many types of rocks it has been found that long crystals of apatite 
extend through several grains of one or more host minerals. This relation- 
ship has been considered by economic geologists to show that the penetrating 
mineral replaces the host mineral; it can hardly be considered a positive cri- 
terion, but the fact that these fibers rarely show dislocation or bending as they 
pass from one grain to the next is very suggestive of the replacement origin 
of the apatite. 

6. In a few cases, in intermediate to acid lavas, it has been found that ac- 
cessory minerals, particularly zircons, tend to be more abundant in pegmatitic 
streaks in the rock. 

7. In porphyries and porphyritic flows, accessory minerals occur predomi- 
nantly in the groundmass. 

8. In most porphyritic lavas, the accessory minerals do not show evidence 
of corrosion, although phenocrysts of the essential constituents commonly dis- 
play fretted and irregular borders. 

9. Very rarely, andesitic lavas have been observed in which flow of the 
lava has bent and broken phenocrysts such as biotite, but has not distorted 
apatite crystals. 

10. Apatite often appears to be more abundant in altered basic rocks than 
in the fresh ones. It is commonly abundant in lamprophyres that so often 
appear to have undergone excessive alteration. 

A few observations, however, appear to support the early crystallization 
of accessory minerals : 

1. The presence of “phenocrysts” of magnetite in some andesitic flows has 
been taken to indicate early crystallization of magnetite. It is of course dif- 
ficult to discriminate in such a case between early crystallization and replace- 
ment. Also, as Larsen and many others have pointed out, many andesites 
contain abundant xenoliths and xenocrysts ; the distinction between xenocryst 
and phenocryst is not always easy. Size alone is not a sufficient criterion for 
calling a magnetite grain a phenocryst. 

2. In a few cases, andesites have been found in which flow lines curve 
around magnetite crystals. This can reasonably be argued to indicate early 
crystallization of the magnetite. It may also indicate either that the mag- 
netite is a xenocryst (see above), or it may indicate that some other entity 
had separated (let us say a magnetite-rich fluid, such as is postulated by 
Bateman (2), Mawdsley (16, p. 46), and others), and that the magnetite 
crystallized subsequently. That this may be the case is suggested by the local 
evidence of replacement of plagioclase microlites by the magnetite, around 
which they appear to curve. 


ASSOCIATION OF ACCESSORY MINERALS 


The study of the association of the accessory minerals with the major 
constituents of the igneous rocks has provided some fruitful avenues of thought 
in connection with the general problem. Even a cursory examination of thin 
sections indicates a marked preference of such minerals as apatite, sphene, and 
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zircon for biotite, hornblende and magnetite. A very high proportion of the 
accessories is found either in contact with or within these minerals. If we 
take into account the relative abundance of these minerals, compared with 
quartz, feldspar, pyroxene and olivine, the association becomes even more 
marked. 

In order to establish this preference of the accessories for certain minerals 
in a quantitative way, courts have been made of the number of grains of apa- 
tite, zircon, and sphene within or in contact with the major constituents of a 
number of rocks. The number of grains (in percent) has been divided by the 
percentage of the particular host mineral to give what has been termed by 
Peach (23) the association ratio. Since this procedure ignores the size of the 
accessory grains, and since, as noted above, the size varies rather much, simi- 
lar ratios have been calculated for a number of rocks (for obvious reasons all 
plutonic) using the approximate area of the accessory grains as they appear 
in the thin section. These areas are determined by measuring the major and 
minor diameter of the crystal or grain with a micrometer eye-piece. The 
association ratios are calculated in the same way as for simple grain counts. 
Composite histograms (Figs. 3, 4) have been plotted for apatite, zircon and 
sphene in the case of granites, granodiorites, syenites and basic rocks. 

Figure 3d shows that apatite in basic rocks has a preferential association 
with biotite, magnetite, and, to a less marked degree, hornblende, compared 
with olivine, pyroxene, and plagioclase. Since biotite and hornblende in basic 
rocks belong to the late magmatic or deuteric stages, apatite must crystallize 
in this stage rather than in the early magmatic stage of olivine, pyroxene and 
plagioclase. 

Among the intermediate rocks, the association ratio of apatite (Fig. 3b) 
again shows high values for biotite, magnetite and sphene, and relatively 
lower values for hornblende. An interesting feature is the relatively high 
association with quartz which, as many writers have pointed out, crystallizes 
late, at least in part, in the consolidation of magmas of this composition. 
Similar relationships are shown by zircon (Fig. 4b) and sphene (Fig. 4d) in 
rocks of intermediate composition; note, however, the very high association 
of sphene with quartz. The marked association of apatite and sphene with 
one another and with magnetite emphasizes the observation already made that, 
however different the various accessories may be in chemical character, they 
display a surprising tendency to occur together. 

Accessory minerals of the syenites and monzonites in general display as- 
sociations very similar to those of granodiorites and their relatives (Figs. 3c, 
4c, 4e). A curious exception is the high value for the association ratio of 
pyroxene and apatite. This is due to the inclusion in the averages of the as- 
sociation ratio with an alkaline pyroxene from an alkaline syenite; the value 
is not representative of normal syenites. The evident late crystallization of 
such pyroxenes in alkaline rocks is well known. The high association ratios 
with quartz in the case of all three accessories is due to the fact that the quartz 
itself is becoming an accessory mineral. 

The apatite and zircon in granites (Figs. 3a, 4a) again show the charac- 
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Fic. 3. Histograms of association ratios of apatite with the essential minerals 
of (a) granite, (b) granodiorite, (c) syenite, (d) basic rock (norite, gabbro, oli- 
vine gabbro), based on area of accessory minerals. 


teristic high association with biotite and magnetite. The very low associa- 
tion with plagioclase is particularly notable. 

The results noted above confirm those already obtained by counts of apa- 
tite grains by Moorhouse (19), Peach (23), and Buchanan (5). Figure 5 
summarizes the results obtained in these investigations. 

To sum up, the apatite and magnetite of the basic rocks are associated par- 
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Fic. 4. Histograms of association ratios of zircon in (a) granite, (b) grano- 
diorite, (c) syenite, and of sphene in (d) granodiorite and (e) syenite, based on 
area of accessory grains. 


ticularly with hornblende, uralite, and biotite. These minerals belong to the 
late magmatic or deuteric stages of such rocks (29, p. 158) and this evidence 
therefore constitutes convincing proof that the accessory minerals crystal- 
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lized at a late stage in the cooling history of the rock. The case of the inter- 
mediate and acid rocks poses a question for in these rocks, as well as in the 
basic ones, one finds that the accessory minerals still show a preference for 
biotite and hornblende. Must we then conclude that in such rocks the apa- 
tites, magnetites, sphenes, etc., crystallized along with these minerals as orig- 
inal precipitates of the magma? Or are the biotites and hornblendes of rela- 
tively late crystallization themselves? In this connection Schaller (28, p. 63) 
has implied that “. . . the accessory minerals and other hydrous (!) minerals 
such as the hornblendes and the micas for example, in a granite, are not 
original pyrogenic minerals formed directly from magma but are later reaction 
products in an already formed rock. ...” Other explanations might be 
suggested for the associations observed, but I think this may be most likely. 

Implications of Accessory Mineral Associations.—Tuttle’s suggestion that 
granites have undergone a rather thorough recrystallization subsequent to 
their initial solidification greatly complicates the relationships inferred. In- 
deed, one should expect a granite to resemble metamorphic rocks rather than 
igneous rocks, as far as the distribution of its accessory minerals is concerned. 
In the intermediate rocks such as granodiorites, quartz diorites and mon- 
zonites, it is reasonably certain that such recrystallization has not been all- 
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Fic. 5. Histograms of association ratios of apatite (calculated from number of 
grains), (a) basic rocks (after Peach, 23), (b) for intermediate rocks (after 
Buchanan, 5), and (calculated from area of apatite grains), (c) for granite and 
(d) for paragneisses (after Patchett, 22). 
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Fic. 6. Histograms of association ratios of sphene (area of grains) with 
essential constituents of (a) granites, (b) granites, (c) paragneisses, and of zircon 
and (d) paragneisses (Patchett, 22). 


pervasive, since primary features such as plagioclase zoning survive. In such 


cases, of course, there is often good evidence that the hornblende and biotite 
are deuteric rather than strictly primary minerals, and the observations on 
accessory minerals in basic rocks hold for these types also. In the case of 
micropegmatitic granites, and porphyries and graphic pegmatites, it is fairly 
clear that the present texture is the original texture, however, widely the 
present mineralogy may differ from the original. Until the question of the 
time of origin of the texture of granites is finally settled, some reservations are 
necessary regarding the significance of the association of accessory minerals 
in such rocks. 

The study of accessory minerals, moreover, has been shown by the work 
of Rode (27) and Platchett (22) to provide a method of distinguishing be- 
tween rocks of sedimentary and igneous origin. The method is only ap- 
plicable where there is a considerable variety of essential minerals and a rich 
development of accessory minerals. It is based on the observation that in 
schists and gneisses of sedimentary origin, the accessories are much more 
evenly associated with the various minerals, in contrast to their marked pref- 
erence for magnetite, biotite and hornblende in igneous rocks (Figs. 5, 6). 
That granites in this respect more closely resemble igneous rocks than gneisses 
suggests that they are produced by crystallization of magma rather than by 
metasomatism or other metamorphic processes. 

The conclusions presented in this paper have an important bearing on the 
application of accessory minerals in the correlation of igneous intrusions. 
Groves (13) and others have used the early crystallization of the accessory 
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minerals as a justification for their use in this connection. Although the re- 
sults of the present work do not necessarily stultify the usefulness of this 
technique, they do require a revision of the rationale of the method. 

The writer believes that the evidence presented here points definitely to a 
late origin for accessory minerals. Unfortunately, the methods of investiga- 
tion applied here are not conclusive. It can be said that most of the acces- 
sory minerals crystallize late, but no evidence recorded here can exclude the 
possibility that some such minerals are early. 

It is doubtful if further petrographic work will clarify this question. It is 
evident that the most promising field for further research is in synthetic sys- 
tems. In this way, it may be possible to determine the mechanism by which 
the magnetites and ilmenites of the basic complexes and the chromites of the 
peridotites are concentrated and crystallized. And, we may hope, at the same 
time we may provide a decent and long overdue burial for the perennial tra- 
dition that “accessory minerals crystallize first.” 
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THE ALTERATION OF ILMENITE IN BEACH SANDS 


S. W. BAILEY, E. N. CAMERON, H. R. SPEDDEN, 
AND RANDALL J. WEEGE 


ABSTRACT 


Study of the heavy mineral assemblages of beach sands from Mozam- 
bique, Ceylon, Florida, and Brazil indicates that they consist largely of 
ilmenite in various stages of alteration. Three successive stages of altera- 
tion are recognized, and their optical and X-ray characteristics are de- 
scribed. The final product of alteration is commonly finely crystalline 
rutile, but leucoxene composed of finely divided brookite has also been 
identified. 

Alteration is accompanied by progressive decrease in magnetic suscepti- 
bility. The materials studied can be separated magnetically into fractions 
in which ilmenite grains showing various stages of alteration are con- 
centrated differentially. The fractions therefore differ markedly in chemi- 
cal composition. 


INTRODUCTION 


Durinc February of 1954, mineralogical analysis of certain titanium-bearing 
beach sands was undertaken in the Laboratory of Economic Geology at the 
University of Wisconsin. It shortly became apparent that much of the 
ilmenite present in the sands is altered, and that there are corresponding varia- 
tions in the TiO, content of the ilmenite recoverable from them. The end 
product of alteration is leucoxene, finely crystalline TiO,, but the alteration 
process is progressive and can be divided into stages. The purpose of this 
paper is to describe the successive stages of alteration, to indicate their effect 
on the TiO, content of ilmenite, and to examine their influence on the suscepti- 
bility of ilmenite-bearing beach sands to magnetic concentration. The present 
study supplements the work recently reported by Lynd, Sigurdson, North, and 
Anderson (9). It confirms some of their conclusions but suggests modifica- 
tion of certain others. 

The material studied consisted of 35 samples of heavy mineral concentrates 
of beach sands obtained from various localities in Portuguese East Africa 
(Mozambique), together with samples from beach sand deposits of Trail 
Ridge and Panama City, Florida; Pulmoddai, Ceylon; and the Amazon 
Valley, Brazil. 
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PREVIOUS WORK 


The mineralogy of titanium-bearing beach sands has been in controversy 
for many years. Discussion centers on the nature and characteristics of the 
“ilmenite” extracted from them, primarily for use in pigment manufacture. 
There is general agreement that many of these ilmenites have TiO, contents 
that differ from the 52.7 percent of theoretical ilmenite, but there has been 
disagreement as to the reasons for the discrepancies. 

In 1909, Palmer (12) described a mineral that he named arizonite. He 
concluded that the mineral had the composition Fe,O,-3TiO,. In 1945, 
Miller (10) pointed out that the ilmenites of the Florida sands were chemically 
similar to arizonite, but structurally different. Using X-ray techniques, he 
found the Florida material to be essentially amorphous, with only weak lines 
corresponding to those of ilmenite. He stated, however, that the so-called 
ilmenite of Travancore is arizonite. 

In 1948, Creitz and McVay (5), using X-ray and other methods, con- 
cluded that the opaque minerals from the beach sands of Trail Ridge, Florida, 
are leucoxenes that vary in specific gravity and titania content. They also 
concluded that the most magnetic fractions have a high iron content, but that 
the amount of iron present is less than that contained in either arizonite or 
ilmenite. They suggested that the leucoxenes might be derived by weathering 
of ilmenite. Spencer (13) was led to the same conclusions. 

In 1949, Gillson (7) stated that the mineral found on the beaches of many 
continental land masses had not been proved to be arizonite, but he favored the 
use of the name arizonite. In a later article (8), he reaffirmed this and ques- 
tioned the conclusions drawn by Overholt, Vaux, and Rodda (11) that 
arizonite is weathered ilmenite. 

Cannon (4) discussed the composition of the ilmenite of Trail Ridge in 
1950 and concluded that variations in the TiO, content of ilmenite at this 
locality reflect different degrees of alteration of ilmenite to leucoxene by 
weathering. He stated that leucoxene is microfine, crystalline rutile. 

In 1954, Lynd, Sigurdson, North, and Anderson (9) published results of 
a detailed study of ilmenite concentrates from certain beach sand deposits of 
North Carolina, Florida, Brazil, and India. This investigation is especially 
noteworthy because for the first time the results of chemical, X-ray, and mag- 
netic concentration studies are correlated with study of opaque minerals of 
beach sands in polished surfaces. These authors concluded that the dominant 
heavy mineral of the concentrates studied is not arizonite but weathered 
ilmenite. The alteration of ilmenite is illustrated by excellent photomicro- 
graphs. 

PROCEDURES FOLLOWED IN THE PRESENT INVESTIGATION 


The procedures followed in the present investigation are in general the 
same as those followed by Lynd and his coworkers, with one principal differ- 
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ence. In their investigation, X-ray analysis was done only on assemblages of 
grains obtained by heavy mineral separation and magnetic concentration. In 
the present study individual grains have been investigated, first in polished 
surface under the microscope, then by X-ray methods. The optical charac- 
teristics of these grains can therefore be correlated directly with X-ray data. 
It has therefore been possible to trace directly the structural changes that take 
place in ilmenite with progress of alteration. On this basis, stages of altera- 
tion have been recognized. 

In industry, the heavy mineral concentrate obtained from a beach sand is 
commonly fractionated so as to yield an ilmenite concentrate (52-65 percent 
TiO,). A leucoxene concentrate (70-90 percent TiO,) or a rutile concen- 
trate (+ 90 percent TiO,), or both, may also be produced. The Florida ma- 
terial studied by Lynd and others was an ilmenite concentrate; the nature of, 
the other materials, whether ilmenite concentrates or total heavy mineral frac-' 
tions, is not stated. In the present investigation, the material from Trail 
Ridge studied was an ilmenite concentrate. Each of the other samples in- 


vestigated represented the total heavy mineral fraction from a beach sand 
sample. 


THE ALTERATION OF ILMENITE AS SEEN UNDER THE MICROSCOPE 


General statement—Three stages in the alteration of ilmenite have been 
recognized under the microscope. They were found in all samples studied. 
The products of each stage have characteristic features and are readily dis- 
tinguished. The stages are discussed below in order of appearance. 

Stage 1 (Patchy ilmenite).—The products of the first stage of alteration 
are patchy intergrowths of altered and unaltered ilmenite. Successive sub- 
stages in the alteration can be recognized. The first indication of alteration 
is the appearance of elongated stringers, rims, or rounded patches of a ma- 
terial having a reflectivity near that of rutile but slightly lower (Fig. 1 and 2). 
The color of this material is gray, in contrast to the pinkish cast of ilmenite. 
It is near the color of rutile but is slightly darker. As alteration pro- 
gresses, the altered areas become enlarged and merge into one another. In 
the more advanced stages, alteration spreads until unaltered ilmenite is no 
longer visible, and as the grains become optically homogeneous, stage one 
passes into stage two. An assemblage of ilmenite grains in which various 
substages of alteration are represented shows a rich variety of patterns, but 
networks of unaltered ilmenite enclosing bulbous lenses and stringers of al- 
tered material are the most common (Fig. 3 and 4). The stringers are 
generally parallel to one another and evidently are developed parallel to the 
crystallographic basal plane of ilmenite. This arrangement is interrupted in 
many grains, however, along cracks, from which alteration appears to have 
spread laterally. 

The first stage of alteration of ilmenite is accompanied by progressive de- 
crease of anisotropism, and this can be shown quantitatively by measurement 
of rotation properties (2) of unaltered and altered grains. The apparent 
angle of rotation for unaltered ilmenite from Mozambique beach sands is 2.2 
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Fic. 1. Grain from beach sand, Mozambique, Africa, showing a very early 
phase of Stage 1. Dark—altered material, mostly amorphous iron-titanium oxide; 
light grey—unaltered ilmenite. Crossed nicols x 797. 

Fic. 2. Grain from beach sand, Mozambique, Africa, showing a more ad- 


vanced phase of Stage 1. Dark—amorphous iron-titanium oxide; grey—unaltered 
ilmenite. Crossed nicols X 799. 
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Fic. 3. Grain from beach sand, Mozambique, Africa, showing an advanced 
stage of patchy alteration. Note that alteration is controlled by both crystallo- 
graphic planes of weakness and fractures in the grain. Dark—altered material; 
grey—unaltered ilmenite. Crossed nicols X 799. 

Fic. 4. Grain from Mozambique, Africa, showing very late Stage 1 alteration. 
The grey stringers are all that remain of fresh ilmenite. The dark material is 
amorphous iron-titanium oxide. Note leucoxene rim (white) starting to form on 
the periphery of the grain. Crossed nicols X 886. 
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degrees in white light. The dispersion of the apparent angle of rotation is 
distinct, v >r. Altered grains give lower values of the apparent angle and 
show less distinct dispersion. Where altered and unaltered ilmenite are 
present in the same grain, the angle of apparent rotation of the altered material 
is always lower than that of the unaltered ilmenite. The decrease in rotation 
angle and dispersion appears to be progressive. For those grains in which 
alteration approaches stage two, dispersion is lacking and the angle of rotation 
becomes too small to measure. 

Stage 2 (Amorphous iron-titanium oxide) —The end-product of stage 1 
is essentially amorphous and is here designated amorphous iron-titanium 
oxide. The alteration has now reached stage 2. At this stage the material 
gives the polarization figure of an isotropic substance. All traces of the 
pinkish color of ilmenite have disappeared, and the reflectivity of the material 
is visibly higher than that of ilmenite and close to that of rutile. It is slightly 
greyer, however, and is opaque, showing no internal reflections. Some grains 
that otherwise fit the above descriptions show a weak anisotropism, but this 
is believed to be an indication that the alteration has not quite reached stage 
two. 

Stage 3 (Leucoxene).—The final stage of alteration is marked by the de- 
velopment of leucoxene at the expense of amorphous iron-titanium oxide. 
The alteration may proceed in a variety of ways. In some grains it spreads 
inward from the rims (Fig. 4, 5), from cracks in the grains, or from both. 
In others, the development of leucoxene starts at points irregularly distributed 
through the grain (Fig. 6). This appears as a patchy alteration in polished 
surfaces. The areas formed of leucoxene are readily distinguished from 
amorphous iron-titanium oxide by their bright internal reflections under 
crossed nicols. In still other grains, leucoxene develops at innumerable points 
either evenly distributed within a grain or in bands (layers) parallel to the 
basal plane of the original ilmenite (Fig. 7). As this type of alteration pro- 
gresses, the grain becomes more and more luminous under crossed nicols 
owing to increase in the strength of internal reflections. 

In the ideal case, stage one is complete, and stage two is thereby reached, 
before the beginning of stage three. In many grains, however, stage three 
overlaps stage one, and at no time in the alteration of such grains do they 
consist wholly of amorphous iron-titanium oxide. The result is that many 
grains are composites of unaltered ilmenite, amorphous material, and leucoxene. 
In the materials studied, however, alteration of part of a grain to leucoxene 
is always preceded by alteration of that part to amorphous iron-titanium oxide. 
Leucoxene developed along a fracture, along the rim of a grain, or in patches 
in a grain is therefore always separated from fresh ilmenite by amorphous 
material. The relations involved are shown in Figures 5 and 6. 

The leucoxene developed in the third stage of alteration is finely crystalline, 
and has a color in ordinary light that is close to or the same as that of rutile. 
Under crossed nicols, it shows mass internal reflections ranging from brown 
to white. It differs microscopically from ordinary rutile only in texture. 
Grains of ordinary rutile are either single optical units, or, if composite, con- 
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Fic. 5. Grain from beach sand, Mozambique, Africa, showing alteration rim 
and patches of leucoxene (white). Light grey—unaltered ilmenite; dark grey— 


amorphous iron-titanium oxide. Leucoxene is forming only in altered areas. 
Nicols 1101. 


Fic. 6. Grain from beach sand, Mozambique, Africa. All three stages are 
shown. The light grey is fresh ilmenite. The dark material is amorphous iron- 


titanium oxide. The white material is leucoxene. Note that leucoxene is forming 
only within areas of amorphous iron-titanium oxide. Nicols x 967. 
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Fic. 7. Leucoxene, Florida (Stage 3). The darker areas probably contain 
more iron than the white areas. Note that a parallel pattern inherited from patchy 
altered ilmenite is still retained. The entire grain shows internal reflections. 
Nicols X 1101. 


sist of distinct units showing the anisotropism and twinning normal to this 
mineral. 


CHEMICAL AND MAGNETIC DATA 


Lynd and his coworkers (9) concluded that the beach sands they studied 
showed various degrees of alteration of ilmenite, the alteratioh involving leach- 
ing of TiO,, oxidation of iron, and decrease in general magnetic susceptibility. 
Thus, when passed over a magnetic separator at successively higher amperages, 
most of the North Carolina ilmenite, the least altered material, was recovered 
in the low amperage range. In contrast, most of the -Florida ilmenite, the 
most highly altered material, was recovered at the higher amperages. 

The authors state that the Quilon, Brazil, and Florida concentrates studied 
all contain ore grains ranging from fresh ilmenite to a highly altered product 
approaching pure TiO, in composition. One would expect, therefore, that in 
successive magnetic fractions from one of these concentrates various products 
of alteration would be differentially concentrated, according to their degree 
of alteration and consequent decrease in magnetic susceptibility. Study of the 
analyses presented in the paper, however, appears to indicate that only a 
small degree of differential concentration was achieved. Thus successive mag- 
netic fractions of Quilon ilmenite show a range of only 2.7 percent in TiO,. 
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The first (most magnetic) fraction has a higher TiO, content than any of the 
next five fractions and, with allowance for gangue, is only 1.5 percent lower 
in TiO, than the eighth fraction. The fractions of Brazil ilmenite are difficult 
to evaluate, since altered magnetite is reported to be present in them. In 
successive magnetic fractions of Florida ilmenite, however, the variation in 
TiO, content is only about 2 percent. Values of the ratios Fe (total) /TiO, 
and Fe**/Fe (total) for successive magnetic fractions of any one beach sand 
likewise show a very narrow range, and the variations in ratios for successive 
fractions are not what one would expect if the successive fractions represent 
material progressively more altered by oxidation and leaching of iron. For 
example, for the Quilon sand, the following values are given. 


Wetcut Ratios 


Fe(total) Fe** 
TiO: Fe (total) 


0.43 0.68 
0.45 0.66 
0.46 0.62 
0.49 0.53 
0.47 0.54 
0.44 0.66 
0.42 0.76 
0.40 0.82 
0.39 0.86 


SRSASRS: 


With the above considerations in mind, the writers have devoted consider- 
able attention to magnetic susceptibility as related to alteration. The work of 
Lynd and others has been carried one step farther in order to explore the 
relationships of chemical composition and magnetic susceptibility to the stages 
of alteration described in previous sections of the present paper. 

Because of the small size of the heavy mineral grains in beach sands, it has 
not been practicable to excavate from polished surfaces pure material of each 
stage of alteration in amounts sufficient for chemical analysis and studies of 
magnetic susceptibility. Instead, the whole heavy mineral fraction of a sand 
has been passed over the Franz isodynamic separator and a magnetic fraction 
taken off at each of a series of progressively higher amperages. The resulting 
subfractions have then been split and one part used for chemical analysis, the 
other for briquetting, polishing, and mineralogical analysis by grain counts 
in reflected light. Chemical changes involved in alteration have then been 
recognized by correlating chemical and mineralogical data. The product is a 
statistical analysis of changes in composition and magnetic susceptibility during 
alteration. 

Out of the thirty-nine samples studied three were selected for fractionation 
and mineralogical analysis. Results for the heavy mineral fraction of a fossil 
beach sand from the Amazon River valley, Brazil, are shown in Table I. 
Unaltered ilmenite, ilmenite of stage one of alteration, and ilmenite of stage 
two are found almost entirely in the first and most magnetic subfraction, and 
this indicates that no marked change in magnetic susceptibility takes place 
during the alteration of ilmenite to amorphous titanium-iron oxide. Com- 
posite grains consisting of ilmenite and leucoxene or ilmenite and silicates 
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TABLE I 


MINERALOGICAL ANALYSES OF SUBFRACTIONS OBTAINED FROM THE HEAVY 
MINERAL CONCENTRATE FROM A SAND FROM BRAZIL 


Fraction No, 1 | Fraction No. 2 | Fraction No. 3 Fraction No. 4 
Magnetic at Magnetic at Magnetic at Non-magnetic 
0.25 amp 0.8 amp 1.5 amp at 1.5 amp 


| 


original racti 
fraction concent. concent. fi | concent. 


Unaltered ilmenite 44 0.2 J 0.3 tr. 
Altered ilmenite 
of stage one ; 11.7 
Amorphous iron- 
titanium oxide 
Amorphous iron- 
titanium oxide- 
brown leucoxene 
composites 
Ilmenite-silicate 
composites 

Brown leucoxene 
White leucoxene 
Rutile 
Rutile-silicate and 
leucoxene-silicate 
composites 

Zircon 

Other 


Totals 


likewise go into the first subfraction. Leucoxene has a variable behavior. 
Leucoxene showing brown internal reflections suggestive of the presence of 
iron oxide is more magnetic than leucoxene that shows white internal re- 
flections. Brown leucoxene concentrates at a lower magnetic intensity than 
white leucoxene, which follows rutile in the fractionation process. Actually, 
the microscope shows that brown leucoxene is not sharply distinct from either 
amorphous iron-titanium oxide on the one hand or white leucoxene on the 
other. The alteration of the amorphous oxides to leucoxene proceeds on a 
minute scale. In the early stages remnants of amorphous oxides can be seen, 
but in the later stages they are obscured by the internal reflections of the 
leucoxene. The presence of residual amorphous oxides in minute particles in 
brown leucoxene probably explains the fact that its magnetic susceptibility, 
though somewhat variable, is intermediate between that of amorphous oxide 
and white leucoxene. No sharp line between brown and white leucoxene can 
be drawn, as various grains show internal reflections ranging from brown to 
white. 

The assemblage represented in Table I has been observed in the other 
beach sand samples, and it would appear that separation of the heavy mineral 
portions of beach sands containing altered ilmenite into clean subfractions of 
sharply distinct mineralogical composition is not likely to be achieved by 


Total 
percent. 
inal 
4.6 
11.7 
21.3 
31.2 
0.2 
19.9 
1.0 
0.1 
1.6 
ae | 100.1 82.2 100.1 9.0 100.1 2.5 100.1 6.3 100.0 
id 
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physical means. A substantial degree of differential concentration of altera- 
tion products, however, can be achieved by appropriate magnetic treatment. 

Table II gives results of mineralogical analyses of successive subfractions 
of the heavy mineral concentrate of beach sand from Pulmoddai, Ceylon. The 
results of fractionation are comparable to those shown in Table I. Here, how- 
ever, two additional subfractions at 0.05 and 0.15 amperes were taken to de- 
termine whether unaltered ilmenite, altered ilmenite of stage 1, and amorphous 
iron-titanium oxide differ at all in magnetic susceptibility. The data indicate 
that there is no significant difference between unaltered ilmenite and ilmenite 
of stage 1, but whereas these appear in significant amounts in the 0.05, 0.15, 
and 0.25 subfractions, amorphous iron-titanium oxide is present in significant 
amounts only in the 0.15 and 0.25 subfractions. Brown leucoxene is con- 
centrated chiefly in the 0.25 and 0.80 ampere subfractions, white leucoxene in 
the 0.80 ampere subfraction. 

The gradational nature of the magnetic properties of the mineral as- 
semblages in such materials is further illustrated in Table III, which gives 
data for three subfractions derived by treatment of a preliminary magnetic 
concentrate obtained from a beach sand from Mozambique. Again ilmenite of 
stages one and two of alteration appears largely in the first or most magnetic 
subfraction, but ilmenite-brown leucoxene composites are about equally divided 
between the first and second subfractions and brown leucoxene appears in all 
three, although mainly in the second and third subfractions. Samples from 
other localities in Mozambique gave similar results. 

Table IV gives analytical data for the subfractions of Table III. If the 
amounts of ilmenite-leucoxene composite grains and brown leucoxene in the 
first subfraction are considered, it would appear that very little iron has been 
removed at stages one and two of the alteration of ilmenite. Iron oxide must 
therefore be an essential constituent of ilmenite of stage two. The analysis of 
subfraction 2, however, indicates that the development of leucoxene in quan- 
tity is marked by removal of much of the iron of the original ilmenite. 

The data indicate that with appropriate treatment, subfractions of markedly 
different chemical composition can be produced magnetically from a beach 
sand containing ilmenite in various stages of alteration. 

Further investigation of the chemistry of alteration is needed. During 
the present investigation an attempt has been made to correlate changes in the 
Fe**/Fe* ratio with stages of alteration, but the small size of the samples avail- 
able has hampered the work and results have not been satisfactory. It seems 
evident, however, that no simple relation between stage of alteration, chemistry 
of alteration, and magnetic susceptibility exists. The work of Lynd et al. 
shows that subfractions taken at the same amperage from different beach sand 
concentrates do not agree in chemical composition. The chemical data for 
subfractions taken at 1.50 amp (Table V) illustrate this point. 

Both the percentages of constituents and the Fe**/Fe* ratios differ 
markedly for different localities. In addition, data given in the paper indicate 
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TABLE III 


MINERALOGICAL ANALYSES OF THREE MAGNETIC SUBFRACTIONS OF A BEACH 
SAND FROM VILLA LuUISA, MOZAMBIQUE 


Fraction No. 1 Fraction No, 2 Fraction No. 3 
Magnetic at Magnetic at Non-magnetic 
0.25 amp 0.8 amp at 0.8 amp Total per- 
Minerals in original 
% of f % of % of mate! 
traction | original | rraceion | oFiginal | | original 

Altered ilmenite of stage one J 0.5 0.2 2.9 
Amorphous iron-titanium oxide 24.2 5.7 2.8 1.2 2.0 0.6 7.5 
Altered ilmenite-leucoxene 
composites 43.8 10.3 25.0 10.8 1.2 0.4 21.5 
Brown leucoxene 5.4 1.3 22.8 9.9 12.0 4.0 15.2 
White leucoxene 0.2 0.1 21.4 9.3 19.5 6.5 15.9 
Altered ilmenite-silicate 
composites 0.2 0.1 1.0 0.4 -= — 0.5 
Rutile 2.1 0.5 22.4 9.7 62.0 20.6 30.8 
Rutile-silicate composites 0.2 0.1 0.4 0.2 — _— 0.3 
Ilmenite-hematite intergrowths 0.3 0.1 0.1 
Zircon _ — 1.3 0.5 0.7 0.2 0.7 
Other minerals 11.4 2.6 1.7 0.7 0.2 0.1 3.4 
Unidentified 1.8 0.4 7 0.3 1.4 0.5 1.2 

Totals 100.0 23.6 100.0 43.2 100.0 33.2 100.0 


that in a giver? beach sand there is no simple relation between the Fe**/total Fe 
ratio and magnetic susceptibility. 

The magnetic susceptibility of a substance depends on the number of 
unpaired electrons present and the closeness of approach of such electrons in 
adjacent atoms. Any process affecting either of these factors may alter the 
magnetic susceptibility. Substitution of atoms of different size and electronic 
structure, for example, would affect both factors. In the case of ilmenite such 
a substitution might be magnesium for iron, a known substitution which has 
not been considered in alteration studies to date. It seems logical, also, that 
the presence of Fe** substituting for Fe** in the structure and oxidation, leach- 
ing, and hydration during alteration would all be effective in changing mag- 
netic susceptibility, complicating the interpretation. At the present time, as 
a result, only the broader aspects of the alteration process in relation to mag- 
netic susceptibility can be indicated. 


TABLE IV 


CHEMICAL ANALYSES OF THREE MAGNETIC SUBFRACTIONS 
OF A MOZAMBIQUE, AFRICA, BEACH SAND 


%TiOzr %FeO* 
Ilmenite, theoretical 52.66 47.34 
Subfraction No. 1 56.90 28.15 
Subfraction No. 2 82.1 6.9 


Subfraction No. 3 95.2 0.9 


* All of the iron present has been calculated as FeO. 
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TABLE V 


CHEMICAL DATA FOR MAGNETIC SUBFRACTIONS AT 1.50 Amp, 
AFTER LYND ET AL. (9) 


Locality TiOz FeO Other (gangue) 


North Carolina 
Quilon 

Brazil 

Florida 


51.3% 
58.7 
55.6 
63.0 


5.4% 
3.3 
6.4 
4.9 


X-RAY STUDIES 


For identification by X-ray methods, it is customary to grind a sample to 
a very fine powder. This procedure has the disadvantage that certain types 
of information that might be given by the uncrushed single-crystal grains are 
necessarily lost. For this reason and in order to be able to correlate the X-ray 
results exactly with the optical observations, our X-ray studies were made on 
individual grains which had been examined previously under the reflecting 
microscope. Twelve grains representative of the progressive increase in 
alteration of ilmenite, as indicated by optical study, were selected and removed 
from the bakelite briquettes. The grains, measuring 0.1-0.2 mm in diameter, 
were mounted on the tips of fine Lindemann glass rods and X-ray diffraction 


photographs taken. 


Both powder and single-crystal camera techniques were 


employed. Filtered copper and iron X-radiations were used. 
If the grain under study actually proves to be a single-crystal unit, its 


diffraction pattern will consist of a number of discrete spots. 


Some conclu- 


TABLE VI 


ResuLts or X-Ray Stupies oF GRAINS FROM BEACH SANDS, MOZAMBIQUE 


Sample No. 
1 
2 
3 
4 


5 


Microscopic identification 


Ilmenite, unaltered 
Ilmenite, unaltered 

Early patchy altered 
ilmenite (stage No. 1) 
Patchy altered ilmenite 
(stage No. 1) 

Patchy altered ilmenite 
(stage No. 1) 

Second stage of alteration 


Ilmenite-brown leucoxene 
composite 


Composite of ilmenite, 
amorphous iron-titanium 
oxide, and white leucoxene 


Brown leucoxene 
White leucoxene 


White leucoxene 
White leucoxene 


X-ray identification 


Ilmenite single-crystal. 
Ilmenite single-crystal. 
Ilmenite single-crystal. 
powder line at d = 2.0 A. 

Ilmenite single-crystal. Slightly diffuse spots plus 
powder line at d = 2.32 A. 

Ilmenite single-crystal. Medium diffuse spots plus 
powder lines at d = 6.6, 3.3, 2.0 A. 

Ilmenite single-crystal. Few and extremely diffuse 
spots. 

Iimenite single-crystal plus rutile (oriented aggregate) 
plus powder line at d = 7.3 A. Sharp ilmenite spots; 
rutile powder lines have intensity concentrated along 
certain arcs. 

Ilmenite single-crystal plus rutile (oriented aggregate) 
plus powder line at d = 7.0 A. Diffuse ilmenite 
spots; rutile powder lines have intensity concentrated 
along certain arcs. 

Rutile (oriented aggregate) plus powder lines at 
d = 7.0, 2.8, 2.32 A. 

Rutile (oriented aggregate). 

Rutile (oriented aggregate). 

Brookite (oriented aggregate). 


Sharp pattern. 
Sharp pattern. 
Slightly diffuse spots plus 
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Fic. 8. Microphotometer traces through the (300) reflection of ilmenite on 
15° oscillation single-crystal X-ray photographs. The peak heights are on ap- 
proximately the same relative density scale, with slight variations due to differ- 
ences in crystal size and exposure conditions. (a) Sample 1, unaltered ilmenite. 
(b) Sample 5, stage No. 1 of alteration. (c) Sample 6, stage No. 2 of alteration. 


sions may then be drawn as to the degree of perfection of the crystal from a 
consideration of the sharpness of the spots and the presence or absence of 
subsidiary streaks or spots. On the other hand, if the grain is not a single 
unit but is an aggregate of finer particles or crystallites, the diffraction pattern 
will consist of a larger number of spots which will tend to coalesce into con- 
centric circles on the film—the typical powder pattern. Some conclusions as 
to the size of the individual crystallites in the sample may be drawn from the 
degree of “spottiness” or diffuseness of the circles, and the orientation of the 
crystallites relative to one another may be deduced from the distribution of 
intensity along the circles. This type of study has enabled us to observe the 
progressive effect of alteration on the crystal structure of ilmenite. 

Table VI lists the optical identification of the grains along with the results 
of the X-ray studies. It was found that there was a direct correlation be- 
tween the degree of alteration of the ilmenite, as determined optically, and 
the progressive breakdown of the crystal lattice to an essentially amorphous 
state. The interruption in perfect periodicity of the ilmenite lattice is re- 
vealed on the X-ray photographs by an increasing diffuseness of the single- 
crystal spots. Sample No. 6 at the second stage of alteration gives only a few 
very diffuse spots. Most of the diffracted intensity from the sample has gone 
out of the spots themselves into the background, giving a pattern very close 
to that of the amorphous state. Microphotometer traces through the maxima 
of several spots are shown in Figure 8 to illustrate the increase in diffuseness 
and general loss of intensity as alteration proceeds. Many films showed, in 
addition to the single-crystal spots, one or more weak powder pattern circles. 
These may be due to very fine alteration products, but none could be identified 
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positively. All grains save one identified optically as leucoxene proved to be 
finely divided rutile in the form of oriented crystalline aggregates. The one 
exception, sample No. 12, proved to be an oriented crystalline aggregate of 
brookite. At no stage of the alteration process has any evidence of the mineral 
arizonite (Fe,Ti,O,) been found, 


CONDITIONS OF ALTERATION 


The ilmenite of all the beach sands studied was derived originally by the 
weathering of ilmenite-bearing rocks of crystalline terranes, transported by 
rivers, and finally transported and deposited by marine waters. The altera- 
tion of part or even all of the ilmenite may have begun with the initial weather- 
ing stage, or it may have been delayed until any of the later stages, and as 
Cannon (4, p. 210) indicates for the Trail Ridge deposits, alteration may be 
due at least in part to weathering after deposition. The present study has 
yielded only limited information on this point. It has been noted, however, 
that in the beach sands studied, peripheral alteration of well-rounded grains is 
common. This alteration has evidently taken place since the rounding of the 
grains and must therefore have been accomplished either during the final 
stages of transportation and deposition or after deposition. 


CONCLUSIONS 


1. Ilmenite in the beach sands studied shows successive stages of altera- 
tion that can be distinguished in polished surfaces in reflected light. During 


the first stage ilmenite alters along fractures, grain boundaries, or internally 
to patchy intergrowths of ilmenite and an isotropic substance of lighter color 
and higher reflectivity than ilmenite. The second stage of alteration is reached 
when a grain has been completely transformed to the isotropic material, here 
designated amorphous iron-titanium oxide. The third stage involves progres- 
sive alteration of the isotropic substance to leucoxene. In many grains the 
first and third stages overlap, so that the grains never consist solely of 
amorphous iron-titanium oxide. In any given part of a grain, however, 
ilmenite passes into the isotropic material prior to development of leucoxene. 
2. The progressive alteration is accompanied by decrease in magnetic 
susceptibility and increase in the ratio of TiO, to iron oxides. Chemical data 
suggest that removal of iron oxide occurs chiefly or entirely during stage 3. 
3. Heavy mineral assemblages of beach sands can be divided magnetically 
into subfractions in which grains in various stages of alteration are con- 
centrated differentially. The subfractions differ markedly in TiO, content. 
4. X-ray studies indicate that the alteration of stage 1 is marked by pro- 
gressive breakdown of the ilmenite lattice. At stage 2 the lattice is destroyed, 
and the material is essentially amorphous. This, together with optical and 
chemical data, suggests that the material is either an amorphous iron-titanium- 
oxide or a mechanical mixture of amorphous titanium oxide and iron oxide. 
The brown and white leucoxene of stage 3 commonly consists of oriented ag- 
gregates of finely crystalline rutile, but in some cases of finely crystalline 
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brookite. No evidence of the presence of the hypothetical mineral arizonite 
(Fe,Ti,O,) has been found. 

5. The time of the alteration of ilmenite is not entirely known, but, in the 
beach sands studied, alteration in part followed rounding of grairs and must 
have been accomplished during the final stages of transportation or subsequent 
to deposition. 
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SCIENTIFIC COMMUNICATIONS 


THE TACONITE DEPOSITS IN THE 
MOUNT WRIGHT AREA OF QUEBEC? 


The Mount Wright Area lies about 184 miles north of Sept Iles, in the 
Province of Quebec. The Geodetic Survey of Canada has a station named 
“Cold” at the north end of Quartz lake which has the following coordinates: 
52° 47’ 54” .273 North Lat., 67° 11’ 29” 820 West Long. The elevation is 
2,749 feet. The area under discussion is east of the Mount Wright block and 
surrounds the northern end of Quartz lake (Lac Moiree). The area lies 
just Jouth of the height of land and the drainage is to the south by the Moisie 
river and its tributaries. 

The area has been intensely glaciated and these glacial features are shown 
on the sheets prepared by M. C. V. Douglas and others under the general 
direction of Professor J. T. Wilson. The results are plotted on the National 
Topographical Series on the scale of 1” =8 miles. These sheets have been 
found to be of great value for they give, not only the glacial features, but also 
those structures, such as faults which can be seen from the air. 

Geologically the rocks in this area are metamorphosed sediments intruded 
by gabbroic stocks. The sediments consist of alternate layers of sands and 
muds, which after lithification and metamorphism, are now quartzites and 
schists. The quartzites contain the iron minerals and grunerite and other 
silicates have been developed in the mudstones that are now schistose. To the 
southeast of Quartz lake these same sediments pass into migmatic gneisses. 

The economic interest in the area is due to the occurrence of magnetite 
and specular hematite in the quartzites. Only to a much lesser extent are they 
found in the schists. Adjacent to the gabbro intrusives, specularite is more 
abundant than magnetite. In the field this constituted a considerable problem 
and one of the purposes of this paper is to seek an explanation for this rela- 
tionship. 

One of the fundamental tenets of geology is that the present holds the key 
to the past. On the beaches of Natashquan and Sept Iles magnetite sands are 
associated with the sands of the present shore. As it is now, so was it in 
Precambrian times, when the Mount Wright area formed a shore line facing 
in general towards the east. The sands and muds derived from the wearing 
down of the old continental core were deposited on an ancient shore. Grains 
of magnetite and possibly some other forms of iron oxides and manganese, 
were concentrated with the quartz grains on the strands. These minerals are 
therefore contemporaneous. With the consolidation of the sands and sub- 

1 Permission to publish this paper was granted by the Bellechasse Mining Corporation of 
Montreal and is gratefully acknowledged. 
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sequent metamorphism these lenses and streaks of magnetite became an 
integral part of the quartzites. They can thus be classed as fossil placers. 
Nowhere do these grains of magnetite cross from one bed to another. They 
occur in several beds that are at different horizons in the stratigraphical 
column, but never cross the beds. 

A further proof of the syngenetic nature of this taconite is that the in- 
competent mudstone schists have not been mineralized except in a minor way. 
If the mineralization had been epigenetic and hypogene these incompetent 
beds should have been the loci for the mineralizing solutions. 

It now remains to offer an explanation of the magnetite-specularite rela- 
tionships. After the folding and metamorphism of the area the gabbro 
stocks were intruded. The specularite lies adjacent to these stocks: the 
magnetite lies farther away. The equations that represent this transformation 
might be as follows: 


Fe,O, + 6 H,O + heat-> 3 Fe(OH), + HO + H 
2 Fe(OH), > Fe,O, + 3 H,O 


The amount of heat required to drive the first equation from the left to the 
right is given as 36,000 calories per mole. 

The question is whether there is enough heat in the gabbro to bring about 
this transformation. It is assumed that water is present in the quartzites and 
schists. The geological map indicates that one of the gabbro stocks measures 
about 800 by 800 metres in areal extent. A block of this area and an assumed 
depth of 400 m gives a mass of 7.7 x 10** grams. 


A mole of magnetite contains 232 grams, and requires 36,000 calories to 
change it to hematite according to the equation given above. If one uses 
the equation : 


Quantity of heat = mass X specific heat X temperature 


Q =mc (t,—t,) 
= 7.7 10" x 0.2(1000 — 100) 
= 13.9 x 10" calories in the gabbro. 
Therefore, 
13.9 x 10** 
36 x 10® 


or 0.386 x 10** x 232 grams 
or 9 million metric tons. 
This calculation can only be approximate but it gives a result tliat is of the 
order of magnitude of the hematite deposits in the vicinity of the gabbro. 
The writer wishes to express his sincere thanks to all those who were with 


him in the field and to his calleagues Dr. N. R. Goodman, and Dr. W. R. 
Trost, of Dalhousie University, 


= 0.386 10"! moles 


UNIVERSITY, 
Havirax, Nova Scotia, 
Dec. 20, 1955 
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SCIENTIFIC COMMUNICATIONS 


A MODERN DEFINITION OF ORE 


There is an old axiom that “the waste of today may be the ore of to- 
morrow.” In recent years there has been increasing dissatisfaction expressed 
by some economic geologists with reference to the classic definition of “ore.” 
To refresh our memories with respect to this classical understanding Bate- 
man’s (1) ‘definition follows: “Technically it (ore) is an aggregation of ore 
minerals and gangue from which one or more metals may be extracted at a 
profit.” This, and other expressions of the same sort, normally embody the 
three words “metals,” “may,” and “profit.” 

In the vanguard of this wave of the rebellious is professor W. R. Jones (5) 
who wishes to strike from our definition at least two of the key words, 
“metals” and “profit.” His viewpoint is summarized in the reference cited 
as follows: 


Violent and sudden price fluctuations are alone a strong reason for omitting 
from the definition so constant a factor. There are other reasons. 

Among them is the fact that a deposit may be worked for national purposes 
irrespective of profit in its usual sense; that a deposit (as pointed out by the 
Director of the Geological Survey of Canada) may be mined “at a loss to get 
material that will be used to make some other undertaking profitable”; and that 
it is not exceptional for a mine to be operating at a loss for a period in expectation 
of improved markets or more efficient mining or metallurgical treatment. I would 
therefore suggest that those reasons, combined, offer not only strong but almost 
irrefutable grounds for omitting specific reference to the profit element in the 
definition. .. . 

If it can be agreed that we henceforth accept that “ore” connotes metalliferous 
and non-metalliferous deposits, and that a definition of it makes no specific refer- 
ence to the profit element, we shall have got over the two chief stumbling blocks 
which have hitherto impeded the general acceptance of a simple definition of ore. 


An opinion poll conducted by Professor Jones seemed to indicate a trend 
in the thinking of the profession toward an eventual exclusion from our 
definition of these two important elements. It is the purpose of this com- 
munication to examine the criticism and to determine if possible the extent 
to which revision is needed. 

One of the most difficult problems in any scientific work lies in the realm 
of the communication of ideas. Definition is a critical factor in all com- 
munication; the ratio of signal to noise. We should note that the word 
definition is from a root meaning to limit or to be definite or specific. A 
symbol that is to convey meaning must have a certain amount of definition or 
limit. That is the prime function of dictionaries and is why one would defeat 
the purpose of a dictionary were it to be rewritten daily and at random. 

Beside the denotations or limits there is also in the meanings of words 
certain connotations that are the result of long usage. These meanings often 
embody nuances which escape delineation. On the other hand connotations 
of meaning change through progress, learning, and usage even to the extreme 
that the older definition may be violated. This is true of the indivisibility 
meaning of the word “atom” as well as is the claim of Jones and his followers 
for the word “ore.” 
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The usefulness of words is more or less proportional to their fixed mean- 
ings. If a basic revision of meaning is indicated for “ore” then we should 
redefine it; otherwise, we should not tamper with the stability of our semantic 
symbol. Let us now consider the implications of the meanings of the two 
word-symbols “metals” and “profit” as they pertain to our definition of “ore” 
and what we consider to be its meaning. 

If we are to modify our definition to include non-metalliferous deposits 
how far can we extend the meaning? It is now common practice to speak of 
both metallic and non-metallic ore deposits and of metallic and non-metallic ore 
minerals, but the reader will not respond favorably to the terms oil ore, gravel 
ore, and coal ore. It reminds one of the story of the miner’s wife who, while 
looking at a model of a rotary oil rig, asked: “What sort of a headframe is 
that and where do the people go down?” There is obviously a limit re- 
quired to the extension of the definition of “ore” into the non-metallic field. 

Profit means {‘any advantage, benefit, or accession of good resulting from 
labor or exertion.” It is not synonymous with money even though it is found 
through our economic system that the dollar is an excellent yardstick of 
proficiency. It is a time-honored word and can be found in the Bible; its 
meaning is fixed within the framework of our western culture. The thing 
that distinguishes an “ore” body from an uninteresting mineral association is 
this anticipation of profit. 

To be entirely realistic the economic geologist would have to recognize that 
the nature of profit will vary with purpose, philosophy, and system. In the 
totalitarian State there is, also, the hope for profit. Unfortunately there is, 
also, in that instance a perverted sense of good and the hope is confined to 
the State functionary leaving little hope for the operator or the people. 

In view of the definition of “profit” it seems that the classical definition 
of “ore” requires but little revision. If a more exacting definition is desired, 
the writer wishes to offer the following: 

Ore: A mineral aggregate from which metallic and certain non-metallic 
substances could be obtained by a free operator with reasonable anticipation 
of profit, immediate or delayed, tangible or intangible, for himself, his com- 
pany, or his country, or which could be obtained under a totalitarian govern- 
ment by an arbitrary State directive. 

BaHNGRELL W. Brown 

Montana ScHoor oF MInEs, 


Butte, Montana, 
January 14, 1956 
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DISCUSSION 


CONCENTRATION OF URANIUM BY CARBON COMPOUNDS 


Sir: Far be it from me to doubt the statement of C. F. Davidson? who 
“has made a specialized study of most of the accessible uranium deposits 
throughout the world.”* He quotes from the very recent publication of 
Ramdohr * unknown to me when I wrote the discussion * that Davidson at- 
tacks. I have now read Ramdohr’s highly detailed and objective paper and 
find that he has brought proof which I thought “is difficult to find in meta- 
morphosed rocks,” namely, that the “carbonaceous matter” (Davidson’s 
thucholite) is later than the uraninite. It may be mentioned that this is 
almost the only thing on which the two authors agree with respect to the 
origin of the uranium, the hydrocarbon, and the gold. I have no intention of 
getting involved in a discussion of the 1600-million-years-old uraninite of the 
Witwatersrand but will confine myself to the much younger unmetamorphosed 
sediments of the Colorado Plateau and adjoining areas where I have seen 
many deposits in the last seven years. 

First, I would like to correct an impression that Davidson might have left 
with the reader that most of the uranium deposits have thucholite (also called 
asphaltite) associated with them. There is no evidence that this substance is 
perhaps mysteriously hidden in the carbonaceous matter with which almost all 
uranium is associated in the unoxidized black ores. Here the carbonaceous 
matter derived from plant material was the cause of the deposition of uranium 
and directly or indirectly reduced the uranyl to uranous ions. This process 
precipitated insoluble UO, as uraninite or converted some to coffinite, USiO,- 
xH,O. It is probable that metallo-organic compounds also resulted at this 
time though none have been isolated in spite of the efforts of many investi- 
gators during the last six years. The lignitic ores of the Dakotas, which may 
contain locally 0.3 percent U,Os, are of a similar nature, but the mineral is 
either so finely divided or in the form of an organic compound that it cannot 
be detected except by radioactivity until the lignite weathers and yellow 
oxidized uranium minerals become visible. 

Is there any evidence that methane gases were given off and polymerized 


1 Davidson, C. F., 1955, Concentration of uranium by carbon compounds: Econ. Geot., 
vol. 50, p. 879-880. 


2 Davidson, C. F., 1953, The gold uranium ores of the Witwatersrand: Mining Mag., 
London, vol. 88, p. 83. 

3 Ramdohr, P., 1955, Neue Beobachtugen an Erzen dés Witwatersrands in Siidafrika und 
ihre genetische Bedeutung: Abhandl. Deutsch. Akad. Wissensch., Berlin, Jahrg. 1954, no. 5, 
p. 26. 

4 Gruner, J. W., 1955, Concentration of uranium by carbon compounds: Econ. Geot., vol. 
50, p. 542. 
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to thucholite according to Davidson's interpretation? The black “vitreous” 
lignitic layers don’t appear to be any different from those of non-uraniferous 
lignites. It is unfortunate that he studied the Temple Mountain deposits in 
the San Rafael Swell in Utah more intensively than the much more common 
ones that contain no thucholite (ashpaltite). Since this substance is prac- 
tically insoluble in the common organic solvents and is also infusible, it might 
be called a pyrobitumen following the classification of Abraham.® San Rafael 
Swell does contain oil seeps as mentioned by me* and many others as early 
as 1922 (Hess). Davidson asks me to “name some noteworthy occurrences 
of primary uranium mineralization situated within an oil and gas province 
where the radioactive ore is mot accompanied by hydrocarbon.”* On the 
preceding page he speaks of “woody hydrocarbon” and “thucholite hydro- 
carbon.” The former as carbonaceous matter is present in practically all 
deposits. The latter of supposedly methane or similar gaseous origin is 
exceptional and comprises largely the “asphaltites” of the San Rafael Swell. 
That this is, according to Davidson, later than the uranium mineralization is 
merely a guess with just exactly the same relationship as that of the quartz 
in a vein is later than the silica-bearing solution. 

Several institutions, including the U.S.G.S. Trace Elements and the 
Argonne National Laboratories, have spent much time investigating the 
Temple Mountain “asphaltites,” and the weight of the evidence seems to 
point toward an origin and composition directly connected with wood extracts. 
Davidson may not have been aware of these investigations, still unfinished, 
when he wrote his criticism. What does he mean by an oil and gas province? 
If a stratigraphic column is thick enough, oil and gas may be in it somewhere. 
Under this definition there exist many scores of occurrences including the 
Lisbon Valley deposits with the famous Mi Vida Mine in southeastern Utah 
where no “hydrocarbon” accompanies the uranium ores. In the scores of 
Tertiary uranium deposits in Wyoming—and most of this state might be 
called an oil and gas province—we saw only one occurrence that also con- 
tained oil. No thucholite was found as far as we were able to tell. 


Joun W. GRuNER 


UNIVERSITY OF MINNESOTA, 
MINNEAPOLIS 14, MINNESOTA, 
February 4, 1956 


COPPER DEPOSITS OF THE LAKE SUPERIOR REGION 


Sir: In 1946 I and my associates (1) published a paper in this Journal 
bringing up to date the facts and deductions of the Calumet & Hecla geological 
group concerning the Keweenawan copper deposits of the Lake Superior 
region. This paper included a discussion of origin and reiterated a concept 
long recognized as fundamental by various geologists including Irving, Van 
Hise, Leith and Steidtman and the Calumet & Hecla group, namely, that a 
theory to be acceptable must explain all of the deposits of the district. These 


5 Abraham, H., 1945, Asphalts and Allied Substances: D. Van Nostrand Co., New York. 
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include the native copper deposits in amygdaloids, sediments, and fissures, 
and the associated sulphides, of which chalcocite is in great predominance, 
likewise in amygdaloids, sediments and fissures. In addition are the asso- 
ciated deposits of copper nickel and cobalt arsenides and antimonides, largely 
in cross fissures. 

The theory of the Calumet & Hecla group, formulated in the early twenties, 
still seemed to be the only one that satisfactorily explained the facts. 

Over a decade ago, a group from the United States Geological Survey 
started a study of the district and they are presenting a series of papers in 
which the origin of the copper deposits is treated. They do not share the 
belief that one mode of origin must explain all of the several types of deposit. 
Their papers, presented already (2), propose several modes of origin in- 
cluding both syngenetic and epigenetic and they have not yet treated the most 
important deposit thus far mined, the Calumet conglomerate, nor the mass 
copper, chalcocite and arsenide fissures. 

I have already discussed (3) the treatment of origin as given in the Corn- 
wall papers published in 1951. I wish to discuss the more recent U.S.G.S. 
papers but in order to make it more definite that the evidence thus far pre- 
sented does not lead me to abandon the idea of a single origin for all the oc- 
currences, I prefer to postpone the discussion until a larger number of their 
series has appeared. 

Friends in teaching say they have a problem in that students show a 
tendency to accept the latest material published and I realize that this is only 
natural. As soon as the Cornwall-White paper on “Native Copper Deposits” 
and the Stoiber-Davidson paper on “Mineral Zoning” appear, I shall try to 
publish some comments promptly. My discussion even then will be handi- 
capped because a convincing presentation includes a treatment of the Calumet 
conglomerate and the mass copper, arsenide and chalcocite deposits in fissures. 
The U. S. Geological Survey treatment of these, I understand, will not ap- 
pear for some years but I do not feel that I should wait that long for at least 
a preliminary comment on the papers listed (2). 

In the meantime, students and others are referred to our 1946 paper (1) 
and my 1952 discussion (3). In these papers they will find that I have an- 
ticipated and commented upon most of the arguments which are being advanced 
for other explanations of the origin of these deposits. 

In addition to this discussion of origin which I hope to present as soon as 
a few more of the Survey preliminary papers appear, I hope later to review 
the results of their entire project in the district. A start has been made on 
publication of their results of underground mapping in the mines and of 
quadrangle folios with the usual factual matter presented in such media. A 
local study of details of sedimentation led them to conclusions as to the 
source of the materials involved which are different from those hitherto re- 
garded as most likely from evidence obtained on both sides of the Lake 
Superior syncline. It is hoped that before the Survey publishes further on 
this subject it will send in some specialists on processes of sedimentation and 
on significant characteristics of lava flows to study the broader aspects of the 
problem not only in Michigan but all around Lake Superior since the matter 
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of location of the source of Keweenawan lavas and sediments is of funda- 
mental importance. As stated by White, the determination of the source of 
the sedimentary material and “of the direction in which the ancient streams 
flowed is essential to a reconstruction of the physiography of the Keweenawan 
basin of deposition . . . (which) in turn may prove helpful or even necessary 
to the geologic search for new copper deposits” (4). Perhaps before the 
final publication of conclusions, the evidence afforded in the openings of the 
Calumet conglomerate mine will again become accessible for study. 

I feel that my review of the topics of the survey other than those con- 
nected with the origin of the copper deposits had better be postponed until the 
final publication is out. An earlier discussion would be premature and would 
not be occasioned by the feeling of urgency offered by the debatable character 
of the topic of origin. In my final review I shall express appreciation for the 
completion of a long and tedious task, carried out with persistence and faith- 
fulness and which at last provides the district with a set of useful topographic 
and geologic maps. 

T. M. Broperick 


CaLuMEtT, MICHIGAN 
December 21, 1955 


REFERENCES 


1. Broderick, T. M., Hohl, C. D., and Eidemiller, H. N., 1946, Recent contributions to the 
geology of Michigan copper district: Econ. Grot., v. 41, p. 675-725. 

2. Cornwall, H. R., 1951, Ilmenite, magnetite, hematite and copper in lavas of the Keweenaw 
series: Econ. Gror., v. 46, p. 51-67. 

——, 1951, Differentiation in lavas of the Keweenawan series and the origin of the copper 
deposits of Michigan: Geol. Soc. America, v. 62, p. 159-202. 


——, 1951, Differentiation of magmas of the Keweenawan series: Jour. Geology, v. 59, p. 
151-172. 


White, Walter S., and Wright, James C., 1954, The White Pine copper deposit, Ontonagon 
County, Michigan: Econ. Grot., v. 49, p. 675-716. 

Cornwall, BH. R., and White, W. S., 1954, Native copper deposits: (not yet published) abs. 
Geol. Soc. America, v. 65, p. 1242-1243. 

Stoiber, Richard E., and Davidson, Edward S., 1955, Mineral zoning in the Portage Lake lava 
series, Michigan copper district: (not yet published) abs. Am. Inst. Min. & Met. Eng. 
Abstracts Mining, Geology, & Geophysics Div., p. 24-25. 

3. Broderick, T. M., 1952, The origin of Michigan copper deposits: Econ. Grot., v. 47, p. 
215-220. 


4. White, Walter S., 1952, Imbrication and initial dip in a Keweenawan conglomerate bed: 
Jour. Sedimentary Petrology, v. 22, p. 189-199. 


Postscript To “Discussion” 


Since the foregoing was submitted for publication, it has been announced 
that Dr. White would present a paper “The regional geologic setting of the 
Michigan native copper district” at an “Institute on Lake Superior Geology” 
to be held at Houghton, Michigan, May 11 and 12. He has very kindly sent 
me an outline of his paper and it presents a treatment of origin of the deposits 
including source of copper, source of solvent, broad structural controls and 
other features. Any discussion of the ideas on genesis being presented in the 
series of U.S.G.S. papers should certainly await the publication of this latest 
one by White, in addition to those by Cornwall and Stoiber referred to above. 
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Erzlagerstatten (Ore Deposits), 3rd Edit. By Hans ScuNemmerHOHN. Pp. 1- 
375, xvi; tbls. 61. Gustav Fischer Verlag, Stuttgart, 1955. 


This highly compressed revision of an earlier and well-known text represents 
one of the most modern treatments—if not actually the most advanced—of mineral 
deposits now in print, as indeed it should in view of its date. The product of a 
widely experienced and thoughtful investigator, it will be studied with interest by 
all. Despite its title, it deals at least briefly with non-metallic mineral deposits also 
—with sulphur, fluorspar, barite, the saline evaporites, and even coal and petroleum, 
though some non-metals like phosphorites are given very short shrift. 

A refreshing aspect of the volume is its stress, principally in the opening pages, 
on the geochemical basis of ore genesis. A section is, in fact, essentially devoted 
to the elemental principles of geochemistry governing the mineralogy and the as- 
sociation of elements and of mineral deposits, in numerous brief but significant 
tables. This viewpoint might have been capitalized later as well; that it is not 
probably reflects the author’s primary interest in the mineralogy, as distinct from 
the chemistry, of ores. 

Next comes a section on fundamental processes of ore formation. Three types 
of isogenetic (i.e., constant or nearly constant environmentally controlled) mineral 
associations are recognized—the magmatic, the metamorphic, and the sedimentary. 
As to the second of these, the author compares metamorphosed ore deposits with 
anatectic or palingenetic rock types. He traces the “normal” geologic processes 
as related to ore deposition, suggesting in this respect the very stimulating paper 
by F. G. Wells and his associates on the locus of ores as presented before the 
Geological Society of America but published unfortunately only in abstract: down- 
sinking geosynclines that favor sedimentary mineral deposits; deep intrusions into 
such sediments, giving the environment of some sulphide ores; orogenic or syn- 
orogenic plutonic magmas with typical magmatic ores. (segregated, pegmatitic, con- 
tact metamorphic, and hydrothermal) ; later vulcanism, mainly barren or mineral 
deposits ; the local development of resistant “kratonic” blocks and their metamorphic 
mineral deposits ; and finally, possible deep mobilization and ore transport for longer 
distances—the “rejuvenated deposits,” a concept which the author has applied in 
specific cases elsewhere. This last is stimulating, though it may lead to warm 
debate at least from the more rigorous magmationists, among which, in general 
Professor Schneiderhéhn counts himself, according to his preface. 

This broadly genetic section is followed by one on more detailed classification 
of mineral deposits and examples, which really makes up the body of the book, 
except for a very brief treatment (strictly, pp. 36-42) of the application of theory 
to the practice of economic geology. Especially striking here is turning the clock 
back to Von Groddeck, whose “Typus” is the fundamental basis for classification. 
Mineralogy and lithologic and structural environment furnish the criteria for as- 
signing a deposit to such a type, of which examples familiar to American geologists 
are “Typus Butte,” “Typus Chingolobwe” (katathermal quartz-uranium veins), 
“Typus Leadville” (kata- to mesothermal silver-bearing lead-zinc ores), and “Typus 
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Mother Lode.” Such an approach stresses objective similarities and may ultimately 
lead to a better understanding than the more theoretical one of intensity zones. 

Comparing the author’s approach with that of the classical and best known 
American texts, the condensed style and the attempts to generalize in the volume 
reviewed are especially striking. On the whole, the facts emphasized are minera- 
logic ; structural control as such is little mentioned; the geochemistry of transport 
and deposition are not expanded; and descriptive data, such as maps, sections, and 
photographs of mineral relations or structures, are lacking. Thus some pragmatic 
reality is sacrificed to economy; but the district descriptions, however terse, are 
meaty and the coverage is the most cosmopolitan of any known to the reviewer. 

Like most German treatises and handbooks but very few American ones, this 
text carries not only the usual subject index but also a comprehensive locality index 
—especially valuable because descriptions of certain of the many deposits cited in 
such books may well serve as first overviews of areas into which the reader may 
later plunge in more detail. In the experience of the reviewer, most “mining men” 
use the standard text on mineral deposits as a basic source, an encyclopedia of min- 
ing district; in fact, this may represent the chief use of such a volume for both the 
theoretical and the practicing economic geologist. In any case, it is an excellent 
reference work, broadly conceived and carried out. 

Cuas. H. Benre, Jr. 
Ore Genesis LABORATORY, 
CoLuMBIA UNIVERSITY, 


Geology and Oil Resources of the Rose Hill District—the Fenster Area of the 
Cumberland Overthrust Block, Lee County, Virginia. By R. L. Mririer 
and J. O. Futter. Pp. 383; pls. 50; figs. 16; tbls. 17. Virginia Geol. Survey 
Bull. 71, Charlottesville, 1954. 

Geology and Oil Resources of the Jonesville District, Lee County, Virginia. 
By R. L. Mrier and W. P. Broscé. Pp. 240; pls. 8; figs. 36; tbls. 3. U.S. 
Geol. Survey Bull. 990, Washington, 1954. 


These two admirable bulletins present the full results of detailed field and sub- 
surface studies of the classic area of shallow thrusting in the Southern Appalachians, 
and are valuable contributions to the mounting evidence of “thin skinned” deforma- 
tion in the Appalachian Valley and Ridge Providence. (See also Rodgers, 5; 
Stearns, 6, 7.) These studies of the oil-producing areas associated with the Pine 
Mountain overthrust in southwestern Virginia and adjoining Kentucky and Ten- 
nessee, began in 1943. Publication of the Rose Hill bulletin, first completed, was 
delayed seven years (1947-1954) because of “printing difficulties” in the Virginia 
Geological Survey and appeared some months after the Jonesboro report, work for 
which commenced only following completion of the Rose Hill survey, in 1947. 
Many important conclusions from both areas have been published earlier as separate 
articles in scientific journals or as preliminary oil and gas maps of the U. S. Geo- 
logical Survey. Both publications treat the Paleozoic stratigraphy, physiography, 
structure, and economic geology of these adjoining areas, and include colored geo- 
logic maps on a scale of 1/24,000, with an enlarged portion of the fenster area in 
the Rose Hill district on a scale of 1/12,000. Both are profusely illustrated and 
include representative air photographs of the region. The Virginia bulletin con- 
tains a much more comprehensive bibliography. 

The requirements of detailed mapping induced the authors to pay particular 
attention to stratigraphic subdivision. The Paleozoic strata exposed are approxi- 
mately 7,000 feet thick. Extensive descriptions of the formations and numerous 
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measured sections are included in both reports, totaling 170 pages in the Rose Hill 
bulletin and 114 pages in the Jonesville report. The problems of nomenclature of 
the complex Middle Ordovician succession are solved in the Jonesville report by 
proposing entirely new names for the units mapped, most of which coincide with 
units earlier recognized in the Rose Hill area, but for which a modified Butts termi- 
nology was first employed. In the Rose Hill report many Middle Ordovician 
formations (those above the Mascot dolomite of the Knox group and below the 
“Lowville” limestone) are classified as Lower Ordovician, presumably reflecting a 
discontinued classification of the Virginia Geological Survey which recognized a 
“Canadian” system and located the base of the Ordovician above the Knox group. 
A change to Middle Ordovician age for these units is made without comment in the 
Jonesville report. The Rose Hill bulletin also contains a detailed study of the 
Middle Ordovician bentonites, of which 13 are recognized. 

Perhaps the most significant contribution of these two reports is made in the 
structural geology of the Pine Mountain overthrust and overlying Cumberland 
Mountain overthrust block. The detailed maps and study of all available well 
cuttings permit a refined interpretation of the structural elements and more accurate 
figures of the displacement on the overthrust, which have been revised downward 
from 7 to 5.8 miles in the Rose Hill area. The earlier interpretations of Went- 
worth, Butts, and Rich are corroborated and many additional complications dis- 
covered. The authors found complex fault slices along the Pine Mountain over- 
thrust, discovered many new fensters and show most to be of a complex type, reveal 
crosscutting of the fault to a lower incompetent unit along strike of the block, 
and demonstrate folding of upper and lower blocks together, which postdates thrust- 
ing. The proof of folding after faulting (arching of the fault plane, development 
of the Rose Hill flexure which continues across the fault from lower to upper block, 
etc.) corrects Rich’s idea (4, fig. 5, p. 1589-90) of regioned northward tilting of 5° 
set forth to explain the observed dips along the fensters. Rich’s tilting concept is 
shown to be unternable in light of the horizontal position of the Pennsylvanian rocks 
in the Middlesboro “basin”; the dips are readily understood in view of the later 
folding. Though this aspect of Rich’s analysis is corrected, the authors seem not 
to appreciate fully the key point made by Rich, namely that the Powell Valley 
“anticline” is not a typical “fold,” but the result of bending of the overthrust plate 
at the point where the beds above the overthrust become parallel to the thrust sur- 
face in moving upward to a higher gliding level on the one side (causing SE dip 
in this case), and their turning back into the fault where it becomes horizontal in 
the higher gliding position to form the other “limb” of the structure (in this case, 
the NW side with NW dip). The bending is a direct result of forward movement 
and the stair-step arrangement of the shearing and gliding surfaces and requires 
no other flexure folding. The width of the “fold” thus formed was shown by Rich 
to be proportional to the amount of displacement on the overthrust; the “fold” is 
narrow and round-topped where little displacement occurs, and becomes progres- 
sively wider and flat-topped with greater displacement. Flat-bottomed “synclines” 
like the Middlesboro “syncline” also occur, but again not from the usual rotation of 
beds about an axis. The SE dip of the NW limb of this “syncline” is a result of 
bending of the upper plate near the place where bedding is parallel to the over- 
thrust where the thrust shears across competent beds to seek a gliding plane parallel 
to bedding at a higher level. Proof of later folding diagonal to the strike of the 
overthrust blocks has modified the Powell Valley “anticline” as diagnosed by Rich, 
but has not altered the fundamental cause of its origin. The cross sections indi- 
cate the authors accept Rich’s analysis, but they fail to distinguish clearly between 
bending simply due to forward movement and later flexure folding by defining the 
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Powell Valley anticline as a post-overthrust fold and indicating it “dies out” on the 
upper block near the boundary of the Rose Hill and Jonesville districts. This 
nomenclature sees unfortunate, as the displacement on the Pine Mountain over- 
thrust exceeds 5 miles at this point, and the Powell Valley “anticline” (in the 
sense of Rich) is still very much “alive” and would be flat-topped here, but for the 
later flexure folds. If the broader usage be applied the Powell Valley “anticline” 
includes The Cedars syncline and adjoining Sandy Ridge and Chestnut Ridge anti- 
clines of the Jonesville area, and the small anticline termed “Powell Valley” by the 
authors should be renamed.? 

The authors discuss the major structure in three parts: stationary block, slices 
along the overthrust, and overthrust block. 

Data on the stationary block come from the fensters and drill holes that penetrate 
the overthrust. The fensters are located where post-thrust folding has arched up 
the Pine Mountain overthrust and are in different structural positions in the two 
areas: In the Rose Hill area fensters occur at the upper edge of the diagonal shear 
where the overthrust rises from the Conasauga shale to the Upper Devonian shale, 
at points where beds above and below the fault are nearly parallel, but slightly 
upturned by later gentle folding; in the Jonesville area fensters occur at the point 
where the beds of the overthrust block dip back into the fault along the northwest 
“limb” of the false “anticline.” Most of the fensters in both localities are com- 
pound, or of the “eyelid” type (2, p. 46; 3, p. 25-26), owing to the presence of 
slivers along the overthrust. 

The slivers along the Pine Mountain overthrust are also of interest. Some in 
the Rose Hill area were plucked from the underlying block at points where over- 
thrust and bedding both above and below the fault are nearly parallel. These slivers 
generally occur below the Pine Mountain overthrust (though separate names are 
given to the branch faults) and have moved differentially N28°W, 0.4 to 1.7 miles 
in cases where origin can be established (Rose Hill report, pl. 44, between p. 260- 
261). Other slivers come from the upper block. The strata of these slivers are 
crumpled, but bedding is generally sub-parallel to the faults above and below. 

In the Jonesville area, slivers of a different type are present. The Ben Hur 
slice is a typical example. In it the sequence on the upper block is repeated along 
the northwest “limb” of the false “anticline,” near the places where the beds dip 
toward the horizontal fault. Bedding is nearly parallel in the duplicated sequences, 
but the dips are steep northwest at a high angle to the main overthrust. This and 
similar slices occur above the Pine Mountain fault. Thus, many of the fensters 
in the Jonesville area are rimmed by the branch faults and the Pine Mountain over- 
thrust passes underneath them at shallow depth. Miller (Jonesville report, p. 177) 
interprets the Ben Hur slice as “a large mass of rock, formerly a part of the over- 
riding Cumberland block that has nearly, but not completely, broken loose from the 
block.” Miller’s plate 7 shows the inferred sequential stages in structural develop- 
ment of the area but does not include the origin of the Ben Hur slice. The Ben 
Hur fault is a late-stage overthrust which dips northwest over much of its extent 
(though it has been arched by later folding). Displacement was to the northwest, 
down the dip of the fault surface (where it dips NW) and occurred at a late stage 
in the displacement of the Pine Mountain overthrust. This caused repetition of 
the beds along the northwest “limb’ of the Powell Valley “anticline” (sense of 
Rich). The Ben Hur fault dies out northeastward beyond the mapped area. Its 
movement was pivotal, increasing to the southwest. The Ben Hur fault is an ex- 

1R. L. Miller indicates (in correspondence) that he prefers this alternative and that the 


name “Powell Valley” probably would not have been applied to the small fold in the Rose Hill 
district had the Jonesville district been examined first. 
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ception to the rule that overthrusts with less dip than bedding will shurten the sec- 
tion. This rule applies only when thrusting is updip; when it is downdip at a 
lower angle than bedding it will repeat the formations. 

The Brooks well of the Rose Hill district is significant in showing that the 
overthrust cuts diagonally downward along strike from the Conasauga to near the 
base of the Rome formation just west of the Rose Hill area. The authors suggest 
the change in strike of the axis of the Powell Valley anticline may be related to 
this lower gliding surface in the Rome formation, but a similar change in strike in 
the Jonesville area is apparently unaccompanied by such a change in the path of 
the overthrust. 

The beautiful maps and cross sections of both reports portray structures that may 
be far more common in other folded chains than is at present recognized, and the 
reviewer commends these publications to the attention of foreign geologists, espe- 
cially, who may be unfamiliar with the concept of bedding plane thrusting as set 
forth by Rich, and substantiated and elaborated here. 

Economic interest in the areas centers about the petroleum production, which is 
derived principally from the “Trenton” limestone (Middle Ordovician) of the sta- 
tionary block. Production to date has come from the fenster areas of the Rose 
Hill district. Most producing wells occupy structurally high positions on the lower 
block, but some such “high” wells are dry, suggesting secondary porosity may be 
equally important in oil accumulation. Production is small and many wells have 
increased their yields after acidation. Drilling records and production statistics of 
all available wells are tabulated. Most wells in the Jonesville district have been 
abandoned before reaching the potentially productive Trenton limestone of the lower 
block. The authors recommend areas where further drilling might be successful. 


Joun E. SAnpERS 
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La Géologie du Congo belge. By L. Canen. Pp. 577; pls. 36; figs. 98. H. 
Vaillant-Carmanne, Liége, 1954. 
Mr. Cahen, who is the curator of the Royal Museum of the Belgian Congo, 
has contributed a long-awaited and splendid synthesis of more than 2,000 scattered 
publications on the geology of the Belgian Congo. At first glance, the break- 
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down of this large work seems to be illogical. One becomes convinced, however, 
by reading the first and second chapters, in spite of the very great difficulties pro- 
duced by the incongruent geographic, physiographic and geologic divisions, as well 
as the lack of fossils in the lowest formations, that the author has surmounted these 
obstacles and has achieved a very clear result. 

The volume is divided into four parts—General Features, The Basement (Le 
soubassement ), The Cover (La couverture), and Mineral Resources. 

The General Features include brief descriptions of the physiographic and geo- 
graphic divisions, as well as a description of the methods used by earlier workers 
in attacking the different problems of correlation. The absence of fossils and the 
highly deformed nature of the strata demand that the succession of formations be 
based mainly on geometrical characteristics. In some places, intrusions and mig- 
matization cycles are the only evidence of successive orogenic movements. 

The study of the “basement” is taken up geographically by examining individual 
sections that are older than the pre-Middle Carboniferous. Five geographic di- 
visions are used: Katanga, Congo oriental, Congo septentrional, Congo occidental, 
and the Kasai-Lomami. Each of these has a known lithologic succession but they 
imply nothing about the relative geochronology. 

A detailed description of the stratigraphy and petrography of the region 
constitutes a complete and thorough analysis. More than half of the volume is 
devoted to the “basement,” which is extremely important from an economic view- 
point, and which has been most thoroughly studied by geologists. Economic 
geologists have given a great deal of attention to the Katanga in particular and 
Mr. Cahen, in two long chapters, summarizes and coordinates all the knowledge 
scattered through more than 76 major publications. Many maps, photographs, 
structure sections, stratigraphic tables, chemical analyses, and a comprehensive 
bibliography accompany the study of this region. 

The Cover is a detailed study of the formations younger than Middle Car- 
boniferous. These occur in the central lower part of the country and in the regions 
between the surrounding ranges. The description of the cover starts with late 
Paleozoic glacial phenomena in the Walikale region, followed by a tentative division 
of the Mesozoic formations and a description of the associated basalts and kimber- 
lites. The last named are numerous and well known in the Kundelungu, the 
Bushimaie, and the Kasai-Lunda. They could possibly be contemporaneous with 
the Cretaceous kimberlites of South Africa. Many formations, like the “Poly- 
morphous sandstone series,” the “Ocre sands series,” the “Kaiso series,” are, ac- 
cording to the author, evidences of many epeirogenic movements, climatic fluctua- 
tions, and erosion cycles. 

The Pleistocene epoch is well represented in many tectonic depressions and in 
the fluvial terraces where fossils, artifacts, and weathering zones are seen. Three 
pluvial periods with their distinctive fauna can be recognized as the Kagerien, the 
Kamasien, and the Nakurien. Recent C' datings of charcoal accompanying the 
artifacts seem to correlate very well with both the Cary substage and the Two 
Creeks horizon. The erosion cycles and the hydrographic systems are given the 
marked attention they deserve. The tectonic basins and the recent volcanoes are 
also briefly described. 

The mineral resources of the Belgian Congo are far better known than their 
geological setting. Mr. Cahen has attempted a correlation of the scattered data 
obtained from mining operations with the recognized geological formations. The 
last two chapters are a survey of the present and potential «mineral resources of 
the country. The Belgian Congo ranks as first producer of cobalt and uranium 
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in the world (excluding the U.S.S.R.), and the fifth producer of copper, in addi- 
tion to significant production of Pt, Pa, Pb, Zn, Ag, Cd, and.Ga. There are two 
distinct mineral associations in the copper deposits: the Cu-Co-U group—almost 
entirely restricted to the Katanga—and the Cu-Pb-Zn group having more wide- 
spread occurrence. Another less important association (Sn, Nb, Ta, W, Bi) ap- 
pears in granite masses and the highly metamorphic rocks of the Kibaro-Urundi. 
A short survey of the potential mineral resources—oil, iron, bauxite, asbestos, 
barite, beryl, kyanite, diatomite, mica, precious stones, potash, sulphur and titanium 
—concludes the book. 

This book is very well presented and is written in easily read French. We are 
confidant that many scientists will share our enthusiasm over this excellent pub- 
lication. 

Jean Bérarp 

YALE UNIVeRsITY, 

New Haven, Conn. 


Les Lacunes des Cristaux et leurs Inclusions Fluides. By G. Deicua. Pp. 
126; figs. 13, pls. 12 with 21 photomicrographs. Masson et Cie, Paris, 1955. 
Price, 950 Frs. 

This monograph is dedicated to the task of bringing together and interpreting 
the results of observations, both of the author and of other scientists, on cavities 
in crystals and on their fluid contents. The rather brief chapters cover distinct 
aspects of the subject as follows: 1. Crystal structure and cavities formed during 
crystal growth. 2. Formation of contraction-bubbles in liquid-filled cavities; this 
includes sections on distinctions between primary and secondary inclusions and 
on the direct determination of the temperature at which bubbles disappear. 3. Geo- 
logic thermometry and the presence of gas under pressure; this has sections on 
decrepitation geothermometry and on the detection of pressurized gas inclusions 
by crushing in a liquid and watching to see the released bubbles. 4. Proofs of 
deep origin of hydrothermal and pneumatolytic solutions. 5. Vitreous and mul- 
tiple-phase (gaseous and one or more liquid and/or solid) inclusions; this includes 
a section on pores and miarolitic cavities in volcanic rocks. 6. Conclusions. 

Deicha shows that materia's to be found in cavities in crystals can be used to 
deduce considerable information on the history of the crystals from the moment of 
formation to the present. This information may include temperature and pressure 
of formation and analysis of fluid from which the crystal formed, and in some cases 
the maximum or minimum temperature to which the crystal may have been sub- 
jected after formation. The fact that fluid inclusions persist unchanged over long 
periods of geologic time suggests that diffusion through crystals is negligible under 
at least some geologically important conditions, a remark of interest to students 
of metamorphism and other kinds of rock transformation. This book is provided 
with a good table of contents (37 items), lists of illustrations, and an index of more 
than 200 entries, making its information easily accessible. The summary bibliog- 
raphy (133 titles) is a convenient source for general and classic references; more 
than 60 additional references of less general interest are cited in footnotes through- 
out the book. This is a valuable book on a timely and fascinating subject, well 
worth the time required for a careful perusal ; I hope it will become a widely known 
reference work for future generations of students and researchers. 


Horace WINCHELL 
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Water, The Yearbook of Agriculture 1955. Pp. 752; illus. 
Agriculture, Washington, D. C., 1955. Price, $2.00. 


The Secretary of Agriculture states in a foreword that “water has become one 
of our major national concerns.” This Yearbook is meant to supply as much 
practical information as the Department can provide about water for those who use 
it, and to explain the nature, behavior and conservation of water in agriculture. 

The book consists of 98 separate articles by a slightly larger number of con- 
tributors, arranged under the editorship of Alfred Stefferud. It is arranged in 
13 sections, e.g., need for water; where we get water; water and soil; caring for 
watersheds; water and forests, crops, irrigation, ranges and pastures, and wild- 
life; gardens, turf, and orchards; drainage of fields; pure water for farms and 
cities ; and a look to the futue. These section headings give an idea of the content 
of the book. It also touches upon hydroelectric power, and industrial use and 
pollution, but the main theme is water in its relation to agriculture. There is also 
a chapter presenting both sides, without comment, of the ancient debate on water 
dowsing. 

The book is comprehensive and authoritative, and is written in a non-technical 
style. It is a valuable book for farmers, country gardeners, homeowners and in- 
dustrial users of water, and should prove a handy reference book for all who are 
interested in water. 


U. S. Dept. of 


Stratigraphic Geology. By Maurice Gicnoux. 4th Edition in French (1950). 
Translated into English by Gwendolyn G. Woodford. Pp. 698; figs. 155. W. 
H. Freeman & Co., San Francisco, 1955. Price, $9.50. 

The earlier editions of this book have become well known throughout the world 
since the appearance of the first edition in 1925. This fourth edition brings stra- 
tigraphic knowledge up to date of 1949. After an introductory chapter dealing 
with the Materials of Stratigraphy, the following ten chapters consider the Pre- 
cambrian (incidentally, the spelling given here is followed) through to the 
Quaternary. The later knowledge of the stratigraphy of the Alps has been in- 
corporated and perhaps the greatest additions have been to the discussions of the 
Tertiary ; notably that of North Africa. 

The translator has done an excellent job in rendering difficult French into 
smoothly reading English. This translation unquestionably will give a well-known 
and highly respected book the much wider distribution that it deserves. 


Man and the Winds. By E. Ausert pe La RUE. 
sophical Library, New York, 1955. Price, $6.00. 
The title suggests that this book is written as a popular one, which it is, but 

nevertheless it is also definitely a scientific contribution to the subject of winds, 

particularly as they affect mankind. 

The first few chapters deal with the types of winds, followed by wind as a factor 
in determining climate and as a transporting agent. Other chapters deal with 
physiological effects and adapting dwellings to wind. Three other chapters deal 
with sand storms, sand erosion, and dunes. The author then treats of the wind as 
a source of energy, of sailing ships, and wind and aviation. The last chapters are 
concerned with benefits and drawbacks of the wind, the study of winds, the pro- 
tection of fields and forests, and lastly, mythology and legend. There are five pages 
of bibliography and an index. 


Pp. 206; figs. 26. Philo- 
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The North American Midwest. Edited by John H. Garland. Pp. 252; figs. 80. 

John Wiley & Sons, New York, 1955. Price, $8.00. 

This book, composed of contributions from 15 authors, is a detailed study of the 
internal geographic structure of the Midwest. Part I, the Heart of a Continent, 
is a general introduction to the area, its people and its industry as a whole. Part 
II, Midwestern Elements, treats of climate, settlement, agriculture, industry, trade 
and transportation. Part III, the Inner Midwest, deals with the west-central and 
east-central lowlands, the eastern lower Great Lakes and the Upper Mississippi 
Valley. Part IV, the Midwestern Periphery, considers the Upper Great Lakes, 
the Ohio and Missouri Valleys and the Ozark upland. Each gives details of the 
people, climate, waterways, transportation, industry, minerals and cities. 

The book is an excellent summary of the geography of a very important region. 


BOOKS RECEIVED 
KURT SERVOS 


Annual Report. Pp. 81. Colorado Bureau of Mines, Denver, 1955. Colorado 
mineral production in 1954 totalled more than $337 million. 


Seismic Wave Propagation and Pressure Measurements Near Explosions. 
Georce R. Pickett. Pp. 78; figs. 21; tbls. 25. Colorado School of Mines Quar- 
terly, Vol. 50, No. 4, Golden, 1955. Price, $1.50. This mathematical treatment 
for geophysical engineers will be useful in extractive industries. 

The Structural and Tectonic History of India. M. S. Krisunan. Pp. 109; 


pls. 4; figs. 20. Mem. Geol. Survey of India, Vol. 81, Calcutta, 1953. Price, Rs. 
2 As. 6. 


Geology and Ground-Water Resources of Jewell County, Kansas. V. C. 
Fisuet and A. R. Leonarp. Pp. 152; pls. 12; figs. 24; tbls. 17. Kansas Geol. 
Survey Bull. 115, Topeka, 1955. 


Clays and Clay Minerals. Pp. 498, illus. Nat. Acad. Sci.—Nat. Research Coun- 
cil, Pub. 327, Washington, 1955. These proceedings of the Second National Con- 
ference on Clays and Clay Minerals contain 36 papers by 64 contributors. Several 
of the papers deal with the clay mineral composition of recent sediments and soils 
with special attention to the diagenetic changes that take place in such sediments 
and to weathering processes in soils. The chlorite and mixed-layer clay minerals, 
being the objects of intense and very recent investigations, have several important 
papers devoted to them. Papers are grouped roughly under the following sub- 
jects: genesis and occurrence of clays; methods of identification; fundamental 
crystallographic, chemical, and other studies; miscellaneous topics. A record of 
discussions follows each paper. 


Geothermal Steam for Power in New Zealand. Pp. 102; figs. 41; tbls. 10. 
New Zealand Dept. of Scientific and Industrial Research, Bull. 117, Wellington, 
1955. Price, 15 s. Total power potentiality of at least 200,000 kW is based on 


heat flow at the surface only (= 7,400 million B. t. u. per hour). Geologic map, 
1: 63,360. 


The Pittsburgh No. 8 and Redstone No. 8A Coal Beds in Ohio. R. M. De- 
Lone. Pp. 49; figs. 12; tbls. 27. Ohio Geol. Survey, Rept. of Inv. 26, Columbus, 
1955. Price, 50 cts. Original reserves are estimated at 6.3 billion short tons. 
An Outline Survey of India’s Economic Minerals. B. Rama Rao. Pp. 39. 
Phoenix Press, Bangalore, 1955. This non-technical outline is for the layman. 
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Oklahoma Geology Notes. Pp. 12-23; tbls. 5. Oklahoma Geol. Survey, Nor- 
man, 1956. 

Geology of the Montreal River Area. E. W. Nurrietp. Pp. 32; figs. 11. On- 
tario Dept. of Mines, Vol. LXIV, Pt. 3, Toronto, 1956. Uranium is the principal 
feature of economic interest. Geologic map, 1: 31,680. 


Major Activities in the Atomic Energy Programs, July-December 1955. Pp. 
200. U. S. Atomic Energy Comm., Washington, 1956. Price, 60 cts. Part of 
the report summarizes this nation’s participation in, and the results of, the Inter- 
national Conference on Peaceful Uses of Atomic Energy. 

The Geology and Mineral Deposits of the Potgietersrus Tin-fields. C. A. 
Strauss. Pp. 241; figs. 70; pls. 49; folders 13. Union of South Africa Dept. of 
Mines, Mem. 46, Pretoria, 1954. Price, 20s. This comprehensive report describes 
not only the important cassiterite but also significant deposits of molydenite and 
bastnaesite and constitutes, in addition, a valuable contribution to knowledge of the 
Bushveld. 

Bull. Geological Institution of the University of Upsala, Vol. XXXV. Pp. 


243. University of Upsala, 1953-55. Seven papers deal with stratigraphy and 
paleontology. 


California Division of Mines—San Francisco, 1955-56. 
Journal of Mines and Geology, Vol. 51, No. 4. Pp. 293-465; figs. 19; pl. 1. 
Price, $1.00. Petroleum, natural gas, cement, sand and gravel, stone, borates, Fe, 
W,, Au, and salt account for a mineral production valued at $1.4 billion during 1953 
in California. Geologic map of San Mateo County, 1: 125,000. 
Bibliography of Marine Geolozy and Oceanography, California Coast. Spe- 
cial Rept. 44. R. D. Terry. Pp. 131; figs. 2. Price, 75 cts. 


Special Rept. 49. Radioactive Deposits in California. G. W. Wacker, T. G. 
Loverinc and H. G. StepHens. Pp. 38; figs. 6. Price, 50 cts. 


Illinois Geological Survey— Urbana, 1955-56. 


Circ. 205. Comparison of Mine Sizes of Southern Illinois Coals for Use in 
Metallurgical Coke. H. W. Jackman, R. L. E1sster and F. H. Reep. Pp. 10; 
tbls. 10. 


Circ. 206. Mineral Production in Illinois in 1954. W.H. Vosxur and W. L. 
Buscn. Pp. 59; figs. 11; thls. 28. In 1954 the value of Illinois mineral production 
was more than $500 million. 

Illinois Petroleum 73. Summary of Water Flood Operations in Illinois Oil 
Pools During 1954. P. A. Wirnerspoon, E. G. Jackson, et al. Pp. 63; figs. 9; 


thls. 3. Secondary recovery during 1954 yielded 18 million bbl of oil from 232 
water floods. 


Rept. of Inv. 188. Sandstone Resources of Extreme Southern Illinois. D. L. 
Biccs and J. E. Lamar. Pp. 21; pls. 2; figs. 2; thls. 7. Some southern Illinois 
sandstones, tf properly processed, may yield silica sand possibly suitable for a variety 
of individual uses. 

Rept. of Inv. 189. Subsurface Stratigraphy of the Kinderhook Series in IIli- 
nois. L. E. WorKMAN and Tracey Giitette. Pp. 46; pls. 2; figs. 20. 

Rept. ot Inv. 190. Some Experimental Factors that Modify Differential 
Thermograms of Bituminous Coal. K. E. Crecc. Pp. 30; figs. 10; tbl. 1. 
Rept. of Inv. 191. Groundwater Geology of the East St. Louis Area, Illinois. 
R. E. Bercstrom and T. R. WALKER. Pp. 44; pls. 4; figs. 6; tbls. 2. 
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Rept. of Inv. 192. Pleistocene Deposits Along the Mississippi Valley in Cen- 
tral-Western Illinois. Letanp Horperc. Pp. 39; pl. 1; figs. 15; tbl. 1. 


Geological Survey of Japan—Hisamoto-ché, Kawasaki-shi, 1955. 

Rept. No. 165. Titanium Resources of Hokkaido, Japan. Pp. 155; pls. 4; 
figs. 53; tbls. 101. All the Ti deposits of Hokkaido occur as placers. Total re- 
serves are estimated at about 20 million metric tons. Text in Japanese, résumé in 
English. 

Rept. No. 166. Natural Gas in Takabe, Central Part of Shizuoka Prefecture, 
Japan. Kojr Moroyima, Kazuyosn1 Ipa, Tok1o and TaKAsui Mirt- 
SUNASHI. Pp. 58; figs. 43; pl. 1. Natural dry gas is reserved in a crushed zone 
of a large underground thrust fault in marine lower Miocene rocks that overlie 


the fault. 

Missouri Geological Survey—Rolla, 1955. 
Inf. Circ. 1. The Mineral Industry of Missouri in 1952. E.S.Smiru. Pp. 19; 
tbl. 1. Total value of mineral production in 1952 was $143 million. 
Inf. Circ. 12. The Mineral Industry of Missouri in 1953. K. G. Larsen. Pp. 
18; tbl. 1; fig. 1. Total value of mineral production in 1953 was $128 million. 


Rept. of Inv. 19. The Geology of the Fulton Quadrangle, Missouri. A. G. 


UNKLeEsBAy. Folded map. Principal mineral resources are clay, coal and lime- 
Stone. 


U. S. Bureau of Mines—Washington, D. C., 1955. 


Distribution of Oven and Beehive Coke in 1954. Mineral Industry Surveys, 
Mineral Market Rept. 2452. Pp. 40; figs. 3; tbls. 6. 


Minerals Yearbook Area Report, Vol. III, 1952. Pp. 1050, illus. Price, $3.75. 


This volume contains chapters covering each of the States, Alaska, the Territories 
and island possessions in the Pacific, and the Territories and island possessions in 
the Caribbean, including Canal Zone. Total value of mineral production in con- 
tinental U.S. during 1952 was $13.4 billion. Petroleum, coal, cement, natural gas 
and iron ore, in that order, led in order of quantity and value. 


U. S. Geological Survey—Washington, D. C., 1955. 


Prof. Paper 274-E. Owl Creek (Upper Cretaceous) Fossils from Crowleys 
Ridge, Southeastern Missouri. L. W. Stepnenson. Pp. 97-140; pls. 11; fig. 1. 
Price, $1.00. 


Prof. Paper 274-C. Basal Ea~le Ford Fauna (Cenomanian) in Johnson and 
Tarrant Counties, Texas. L. W.StepHenson. Pp. 53-67; pls. 4. Price, 75 cts. 
Bull. 1009-I. Carnotite-bearing Sandstone in Cedar Canyon, Slim Buttes, 
Harding County, South Dakota. J. R. Git and G. W. Moore. Pp. 249-264; 


pls. 2; figs. 3; tbls. 4. Price, 35 cts. The mineralized sandstone locally contains 
0.23 pct. uranium. 


Bull. 1014. Stratigraphy of the Outcropping Cretaceous Rocks of Georgia. 
D. H. Earcie. Pp. 101; pls. 3; figs. 17. 

Bull. 1021. Some Curves from a Portable Differential Thermal Analysis Unit. 
C. J. Parker, J. C. Harnaway and P. D. Brackmon. Pp. 237-251; pl. 1; figs. 8; 


tbl. 1. Price, 25 cts. The curves are for some standard clay minerals and min- 
erals commonly associated with clay. 


Bull. 1027-F. Copper Deposits of Part of Helvetia Mining District, Pima 
County, Arizona. S. C. Creasey and G. L. Quick. Pp. 301-323; pls. 5; fig. 1; 
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tbls. 3. Price, $1.00. The pyrometasomatic ore is mostly in late Paleozoic lime- 
stones. Structure controlled mineralisation. 

Bull. 1027-K. Exploratory Drilling for Evidence of Zinc and Lead Ore in 
Dubuque County, Iowa. A. E. Fiint and C. E. Brown. Pp. 471-499; figs. 8. 
Price, 20 cts. Drilling verified the fact that the existence of favorable structures at 
depth can be inferred from studying the maps of the outcrops. 

Bull. 1028-B. Geology of Great Sitkin Island, Alaska. F. S. Simons and D. 
E. Matuewson. Pp. 21-43; pls. 2; figs. 2; tbl. 1. Price, $1.00. Geologic map, 
1: 50,000. 

Bull. 1036-C. Rapid Analysis of Silicate Rocks. Lronarp SHapiro and W. W. 
Brannock. Pp. 19-56; figs. 91; tbls. 5. Price, 20 cts. This procedure is rapid, 
simple, direct, and less subjective than conventional methods and represents the 
first major improvement in technique since 1900. 

Bull. 1036-D. Correlation of Dioctahedral Potassium Micas on the Basis of 
Their Charge Relations. M.D. Foster. Pp. 57-67; fig. 1; thls. 3. Price, 15 cts. 
Water-Supply Paper 1354. Geology and Ground-water Resources of the 
Douglas Basin, Arizona. D. R. Coates and R. L. Cusuman. Pp. 56; pls. 5; 
figs. 5; thls. 4. Price, $1.50. 


Venezuela Ministerio de Minas—Caracas, 1955. 
Revista de Minas e Hidrocarburos, Afio VI, Num. 19. Pp. 352. 
Revista de Minas e Hidrocarburos, Afio VI, Num. 20. Pp. 58. 
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SCIENTIFIC NOTES AND NEWS 


Artuur A. Baker has been appointed Associate Director of the U. S. Geo- 
logical Survey. He has served as Administrative Geologist in the Office of the 
Director since June 1953. 

J. Royce announces the transfer of his geological office from 113 Crystal Ave- 
nue, Crystal Falls, Mich., to 207-211 Christie Bldg., Duluth 2, Minn. The office 
will continue as The Geological Dept., Picklands Mather & Co., with the transfer 
of J. T. Osborn and D. G. Harris, geologists. 

The annual AIME Paciric Nortuwest RecionaL “METALS AND MINERALS 
CoNnFERENCE” will be held May 3-5 in Seattle, Wash. From a one-day program 
dealing with industrial minerals only, the sessions have expanded until now geology, 
industrial minerals, minerals beneficiation, mining, extractive metallurgy, iron and 
steel, and physical metallurgy are included. Geology papers will include: Tectonic 
Patterns of the Western United States by Peter Misch, University of Washington; 
Granites of Magmatic Origin as Distinguished from Granites of Metasomatic 
Origin by G. E. Goodspeed, University of Washington; Localization of Ore in the 
Kootenay Arc by M. S. Hedley and J. T. Fyles, British Columbia Dept. of Mines; 
and The Work of the U. S. Geological Survey in the Pacific Northwest by A. E. 
Weissenborn and M. R. Klepper, U. S. Geological Survey, Spokane, Wash. 

Tue PERMANENT COMMISSION ON AUTHOR’S ABSTRACTS OF THE INTERNATIONAL 
Gro.ocic Concress, at its meeting in Algiers in 1952, recommended the following 
procedure in submitting manuscripts: 1) as far as possible, editors in all countries 
should insist on an author’s abstract accompany the original manuscript; 2) the 
abstract should be written in the language of the paper with a translation into at 
least one of the official languages of the Congress (English, French, German, 
Italian, Russian, Spanish) ; 3) the abstract should include conclusions concerning 
the various subjects considered in the paper; 4) the abstract should be printed with 
the paper, preferably at the beginning. 

Donatp D. Smytu has been in Chile inaugurating a geological study of the 
Braden Mine for the Kennecott Copper Co. 

C. E. Micuener, formerly chief geologist, exploration, has been appointed vice- 
president of the Canadian Nickel Co., a subsidiary of the International Nickel Co. 
of Canada, Ltd. 


H. F. Zurericc, formerly chief geologist, mines, is now also chief geologist, 
exploration, for International Nickel Co. 

C. FrrepLanper has been appointed resident geologist for the Anglo American 
Corp. of South Africa, Ltd., with Chartered Exploration which is engaged in ex- 
ploration in Northern Rhodesia. 

J. E. Armstron, recently appointed head of the Geological Survey of Canada 
for British Columbia and the Yukon, has been elected vice-president of the Canadian 
Institute of Mining and Metallurgy for District 6 for 1956. 

D. J. Straw, Jr., has been appointed assistant chief geologist for Rhodesian 
Asbestos, Ltd., Mashaba, Southern Rhodesia. 
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C. D. ReyNno.ps has been appointed chief geologist and supervisor of the geology 
branch of the Mine Eingineering Division of the Orinoco Mining Co., subsidiary 
of the U. S. Steel Corp. 

The A.A.P.G. announces that Turopore A. Link became the 40th president of 
the American Association of Petroleum Geologists on April 26. Also on the 1956- 
57 Executive Committee are G. M. KNEBEL, past-president; Ben H. Parker, vice- 
president; W. A. WALDSCHMIDT, secretary-treasurer; and, editor of the Bulletin 
will be W. C. KrumMBetn, professor of geology, Northwestern University, Evans- 
ton, Ill. The new A.A.P.G. officers assumed the executive responsibilities of this 
12,500 member organization at the close of the ist annual meeting of the As- 
sociation, which was held in the Conrad Hilton Hotel, Chicago, April 23-26. 

RayMonp Cecit Moore, University of Kansas, Lawrence, has been elected an 
honorary member of the Society of Economic Paleontologists and Mineralogists. 

Recipients of the AWARDS FoR THE Best Paper in the Journal of Paleontology 
and in the Journal of Sedimentary Petrology for 1954 are DonaLp PARKINSON, 
Sutton Coldfield, Birmingham, England, for his paper entitl.d, “Quantitative Studies 
of Brachiopods from the Lower Carboniferous Reef Limestones of England,” pub- 
lished in the Journal of Paleontology, Vol. 28, No. 3 (May, 1954) ; and Harotp N. 
Fisk, Humble Oil and Refining Co., Houston, Texas, CHartes R. Kors, Water- 
ways Experimental Station, Vicksburg, Miss., Epwarp McFarian, Jr., Humble 
Oil and Refining Co., Houston, Texas, and Louis J. Witpert, Jr. (deceased), for 
their paper entitled, “Sedimentary Framework of the Modern Mississippi Delta,” 
published in the Journal of Sedimentary Petrology, Vol. 24, No. 2 (June, 1954). 

Takao SAMAKAMOTO, University of Tokyo professor of geology, is in Brazil 
studying the northern part of that country. Dr. Takao, who was commissioned 
by UNESCO, is regional vice-president of the American Economic Geologists in 
Asia. 

Cuartes W. Situ, geologist with American Smelting and Refining Com- 
pany’s exploration division for eastern United States, is being transferred to 
Peru where he will be resident geologist at the Quiricvilca unit of the Northern 
Peru Mining and Smelting Company. 

Jean Ducas has been appointed resident geologist by the Quebec Department 
of Mines for the Rouyn-Noranda district of Northwestern Quebec. He succeeds 
Dr. J. E. Gilbert, the newly appointed resident geologist for the Montreal area. 

Cuartes H. Burcegss has taken over, as vice-president of Bear Creek Mining 
Company, the domestic exploration subsidiary of Kennecott Copper Corp., and 
will make his headquarters in New York City. 

Haroip L. Grant has been appointed vice-president and chief of mining engi- 
neering and geology of the Balcones Corporation Exploration and Drilling, San 
Antonio, Texas. 

CHarLes WILL WRIGHT, mining consultant, returned to Sicily in February to 
do a consulting job for the Sicilian American Sulphur Company. 

Joun Jesse Hayes has been appointed chief geologist of the Marcona Mining 


Company in Peru. Dr. Hayes was formerly with the Orinoco Mining Company 
in Ciudad Bolivar, Venezuela, as a mining geologist. 


C. FRIEDLAENDER is resident geologist with Chartered Exploration Ltd., a sub- 
sidiary of Anglo American Corp. of South Africa, in Lusaka, Northern Rhodesia. 


Jack Stone has been named general manager of Fresnillo Company, Zacatecas, 
Mexico, as of January first. 


| 4 
4 
ic 


302 SCIENTIFIC NOTES AND NEWS 


W. R. NewMan, consulting geologist, announces the opening of an office in 
Toronto, at Suite 608, 133 Richmond Street West. He also retains his office at 
103 Mercantile Building, Edmonton, Alberta. 


RayMonbD Ceci. Moore, University of Kansas, Lawrence, has been elected hon- 
orary member of the Society of Economic Paleontologists and Mineralogists. 

Board Chairman Mervin H. Baker of Nationat Gypsum Co. revealed that 
development work will begin soon on a new multi-million dollar asbestos mine and 
plant at Thetford Mines, 75 miles south-west of Quebec. The new mine and plant 
will supply asbestos fibre to National Gypsum Company’s three asbestos-cement 
plants at Millington, N. J., St. Louis, Mo., and New Orleans, La. 

Witt1AM Empey WRraTHER, associate editor of this Journal and former Di- 
rector of the United States Geological Survey, has been chosen to receive the 
Sidney Powers Memorial Medal of the A.A.P.G., highest honor in the science of 
petroleum geology. The gold medal and scroll recognize distinguished and out- 
standing contributions to, and achievements in, petroleum geology. Wrather has 
received nearly every honor available to one in his profession, including the John 
Fritz medal, awarded by the four Founder Engineering Societies, sometimes re- 
ferred to as the “medal for medallists” which he received in 1954; the Anthony 
Lucas Petroleum Medal of the American Institute of Mining and Metallurgical 
Engineers (1950); and U. S. Department of the Interior Distinguished Service 
Award (1955). He was made Honorary Member of the American Association 
of Petroleum Geologists in 1943; and a life member of the Board of Trustees of 
the National Geographic Society in 1951. The following citation is printed on the 
scroll which accompanies the gold medal: “For outstanding contribution through 
wise and vigorous leadership as a pioneer in the field of petroleum geology; for 
distinguished achievement through the early successful application of geologic prin- 
ciples to oil finding; and for effective direction through arduous wartime years of 
critical geologic activities of Government.” 


The Fifth National Clay Conference will be held at the University of Illinois, 
Urbana, IIl., Oct. 8, 9 and 10, 1956. The conference is sponsored annually by the 
Clay Minerals Committee of the National Academy of Sciences—National Research 
Council, under the chairmanship of Prof. R. E. Grim of the University of Illinois. 
Contributed papers on subjects related to clay mineralogy or technology will be 
welcome. Titles for inclusion in the program must be received by May 1, and 
short informative abstracts will be required by June 15. Titles and abstracts may 
be sent to Dr. W. F. Bradley, Illinois Geological Survey, Urbana, Illinois. More 
detailed announcements will be distributed about April 1. 
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Geology of Petroleum. By A. I. Levorsen. 1954. Pp. 720, illus. 
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Petroleum Production Engineering. C. Uren. 
Vol. I. Oil Field Development. Pp. 764 
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Clays and Clay Technology. By Josern A. Pask & Mort D. Turner. 1955. Pp. 326. Bull. 164... 
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Radiocarbon Dating. By F. Lippy. 1951. Pp. 122. Illus. 
Analysis. By L. H. Amrens. ist Ed. 2nd ptg. 1954. Pp. 354. 
Wavelength Tables of Sensitive Lines. By L. H. Ahrens. ist. Ed. 2nd ptg. 


GEOPHYSICS, GEOPHYSICAL EXPLORATION 
Advances in Geophysics. VolumelI. By H. W. Lanpsperc. 1952. Pp. 362. XII. Illus. 
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